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IN ALUMINUM ALLOYS 
By R. C. McMaster, J. F. Manildi, and C. C. Woolsey 

SUMiMARY 



This report presents the results of a study and research 
investigation of nondestructive test methods for spot welds 
in alumi num- all oy sheets. The purpose of the research was to 
investigate proposed nondestructive test methods for spot 
welds in aluminum alloys, to determine the feasibility of 
such tests, and to recommend those research methods found 
suitable for development and reduction to practical applica- 
tion. 

Investigation was made of approximately 30 proposed non- 
destructive methods of testing spot welds, including electric- 
cvirrent conduction tests, eddy- current tests, thermal tests, 
sonic and vibration tests, mat er lal- pr oioert y tests, penetra- 
t or tests, X-ray tests, and me cha ni cal- pr oo f tests. Prelim- 
inary tests and analysis of the requirements of a suitable 
nondestructive test indicated that penetrator, electrical, 
and X-ray tests showed the most promise, and extensive devel- 
opments of each of these test methods were carried out. Each 
of these test methods then vras tried on groups of several 
hundreds of industrially made sT)Ot v/elds, and the reliability 
and accuracy with which weld size, strength, and quality were 
predicted by each test v/ere determined. Complete descrip- 
tions of test equipment and the results of measurements are 
included in this report, in many cases in the form of graphs. 
Also included are photographic tables of data on spot-v/eld 
nomenclature and metallurgy, weld classification, and the 
effects of conditions of welding upon weld size and structure. 

It was found that, in terms of reliability, the most 
promising nondestructive test method is the radiographic in- 
spection of spot vrelds, which can probably measure weld- nug- 
get diameter and the presence of defects, such as cracks, 
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porosity, a'n'd. spitting. The most, reliable non-radi ogr aphi c 
test is the ring-penetrat or or ' pr of ile-penet rat or test, 
which can measure weld-nugget diameter reliaoly under normal 
conditions of production welding. It^ does not measure the 
nature or extent of cracking, porosity, and spitting, except 
insofar as these defects change the depth of penetration un- 
der load. Neither the e.lect-rical nor the penetrator tests 
are capahle of determining the extent of the alclad inclusion 
into the weld nugget at the faying plane, or the decrease in 
weld strength resulting from this cause. 



INTRODUCTION 



The need for practical nondestructive tests for spot 
welds in aluminum- al 1 oy sheet is recognized in the aircraft 
industry. Present industrial pr oce ss c ont r ol and visual in- 
snection procedures, while adequate for the production of 
secondary aircraft structures and, in some cases, for primary 
aircraft components, do not guarantee that all spot welds ' 
made in al\imi num-a 1 1 oy shoots for aircraft will meet minimum 
strength requirements. Consequently, spot-welding applica- 
tions have been limited, for the most part, to secondary or 
unstressed structures. Until adequate process control, mon- 
itoring of the welding equipment, or reliable nondestructive 
tests are provided to guarantee weld . qual i t y , " t he spot-v;eld- 
ing of prim.ary aircraft structures tends to be limited. 

When designers and inspectors are shov/n undeniable proof 
that weld quality is adequate, the ^pot-welding of primary 
aircraft structures may be expanded. A reliable nondestruc- 
tive test for spot welds would provide this proof of weld 
quality. 

The purpose of the research described in' this report 
was to investigate pr opo sed. n onde st rue t i vc test methods for 
spot welds in alumi num- al 1 oy shoots, to determine the- feasi- 
bility of such tests, and to recommond methods found suitable 
for further development and reduction to practical applica- 
tion. The National Advisory Committee for Aeronautics spon- 
sored the research and contributed to its financial support* 
The investigation was carried out at California Institute of 
Technology under the su-oorvision of Professor F. C, Lindvall. 
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STATEMENT OF THE PROBLEM 
A. Requirements of Test 

The nondestructive spot-weld test must "bo absolutely 
relialDle, and should "be practical, fast, efficient, and eco- 
nomical both in labor and equipment. It should be suitable 
for production testin^^ and for occasional inspection checks 
on questionable v/elds at any point in the fabrication process. 
It should detect bad v/elds regardless of their cause. 

To be more specific, the test must be: 

1. Hel iabl e . - It should discriminate normal welds - 
that is, welds with static shear strengths 25 pe rcent to 
125 percent above the minimum acceptable strength -from 
woldn with less than the minimum acceptable strength, with 
complete reliability. To obtain this reliability, the method 
should predict spot weld static shear strength within ±20 
percent of actual weld strength, and more accurately if pos- 
sible, throughout the range of strengths from one-half the 
minimum acceptable strength to the highest strength obtained 
under normal production conditions in acceptable welds. A 
reasonable maximum accuracy to be expected from a nondestruc- 
tive spot-weld test is that test indications should measure 
weld strength as closely as nug;?!®^ diameter (which could be 
observed by destructively sectioning the weld) correlates 
with weld strength. Any nondestructive test which approaches 
this standard should be considered successful, for the rela- 
tion between nugget diameter and weld strength is generally 
recognized as the most significant relation between a single 
weld parameter and the static shear strength of the weld. 

2. Pract ical . - It must be such that it can be used reli- 
ably by semiskilled personnel under normal production condi- 
tions. 

3. Fast . - Because of the large number of welds to be 
tested, a production testing device should preferably operate 
in a few seconds and be capable of being quickly transferred 
and TDOsitioned for testing. For this reason, its location 
with respect to the weld nugget should not be too critical. 

4. Immediate in resT)onse .- In production testing, the 
indication of weld strength should be immediate, to avoid 
delay and unnecessary identification of specific v/elds under 
t est . . 
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5. In dependen t of weld location.- Test results should 
not "be invalidated "by the Toroximity of other welds, or of 
corners, slots, or edges in the sheet, or of large masses of 
metal. 

6 . Inde-o en den t of ambient conditions and of surface con - 
dition s of wel ded sheets.- Since weld testing may he done on 

production lines v/ithin "buildings or out-of-doors, test re- 
sults must not he affected "by temperature, noise, vihration, 
dirt, humidity, or other test conditions dependent upon loca- 
tion. Sheet surfaces must not require excessive preparation, 
nor should surface conditions resulting from normal produc- 
tion processes invalidate the test, 

7. Nondestructive.- The v/eld must not he damaged hy the 
. t e st , nor . should the alclad layer ho hroken nor the sheet or 
part he distorted by the test. 

In addition, it would he highly desirable, but, not nec- 
essary, that the test equipment be portable and that it re- 
quire access, to only" one side of the welded sheet's. If used 
on fabrica;ted pieces, it would be advantageous if the portion 
of the tester to be brought to the weld were small > v/eighing, 
only a few pounds at most, and vrere easy to move and set ac- 
curately in position. ^'or production testing of small parts 
before furthe.r assembly, the work, might be brought to a fixed 
testing machine. Although- 'spot welds in aircraft are acces- 
sible from both sides of the work at some point- in the fabri- 
cation process, a testing unit operating from only, one side 
of the sheet woul-d be very advantageous, provided reliability 
of measurement were not sacrificed to obtain this advantage. 



B. Weld Properties and Nomenclature 

Figure 1 shows phot omacr ographs of both cross section 
and faying surface, and photomicrographs of significant re- 
gions, of a t^'-pical s^cot weld inal.clad 24 S-T alumi num- al 1 oy 
sheet. The foil owing nomenclatur e , v/hich will be used 
throughout this report, refers to this figure. 

1. The parent sheet (A) is the 24S-T aluminum- al 1 oy 
sheet in the region outside the weld proper v/hich has not 
been affected in any manner by the welding process. This 
alloy is composed of 4.5 percent copper, 0.6 percent manga- 
nese, and 1.5 -nercent magnesium, with aluminum and normal 
impurities making up the balance, (See reference 1.) The 
24S-T (tempered) alloy develops about 41,000 psi shear 
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strength, while 24.S-0 (annealed) alloy develops only 13,000 
psi. The incipient melting temperature of this 24S alloy is 
936^ F. (See reference 2.) 

2. The alclad layer (B) is a thin layer, approximately 
5 percent of the parent sheet thickness, of commercially 
pure aluminum "bonded to each surface of the parent sheet. 

Its prime purT)Ose is to protect the parent sheet against cor- 
rosion. It is imioortant that the welding operation should 
not impair the protection provided "by this coating. This 
commercially pure aluminum devel on s about 9500 psi in shear 
and has melting point of ahout 1200^ F. (See references 1 
and 3 . ) 

3. The weld nugjf^ce t (C) is an ellipsoidal volume of metal 
which has "been melted "by the we].ding current, possibly "being 
stirred so as to effect a r edi st ri"but i on of its chemical con- 
st it uent s ,• and has then solidified into two distinct zones as 
a cast structure. (See reference 4.) The dendritic zone (C') 
shows evidence of very rapid solidification, v;hile the equi- 
axed zone (C") shows evidence of relatively slov/er cooling. 
The nugget is softer than the parent sheet and develops only 
about 18,000 to 22,000 psi shear strength. (See reference 3.) 

4. The corona region (D) surrounds the weld nugget at 
the faying plane and is that area of the alclad coating which 
has been subject to pressure and heat during the welding pro- 
cess. The nature of the corona may depend upon the surface 
preparation of the sheet before welding, and in the corona 
region there may be no bonding, partial bonding, or complete 
areal bonding depending upon the sheet condition and the con- 
ditions of welding. It is not safe to assume the bonded area 
of corona to be proportional to nugget area, for the purposes 
of nondestructive test development. The complete corona bond- 
ing may develop as much as 9500 to 10,500 psi shearing 
strength. (See reference 3.) 

5. The alclad inclus ion (E) into the weld nugget at the 
faying plane consists of aluminum of the alclad layer wiiich 
has not been alloyed into the nugget. The extent of alclad 
inclusion is quite variable, and tends to be greater with 
thick alclad layers, and in lov; energy welds with thin nug- 
gets. Sxcessive alclad inclusion weakens a weld in shear 
loading, since it decreases the effective nugget area at the 
faying plane. It is possible to develop a nugget in both 
sheets, yet have 100 percent alclad inclusion, (Se^' refer- 
ence 3.) In this case, the weld nugget c ont r i biit e s no t hi ng 
whatever to the weld strength. 
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6, The -penetration (F) of the weld nugget into the par- 
ent sheet measures the portion of the sheet thickness occu- 
pied "by the weld nugget. Penetrations of 20 to 80 percent 
of the sheet thickness are usually considered acceptable. 
(See reference 5.) Excessive penetration (80 to 100 percent) 
usually indicates a "brittle, cracked, or porous weld, and it 
is undesirable "both because of lack of ductility in the weld, 
and because the cracks may spread to the surface breaking 
the alclad layer and permitting corrosion. Inadequate pene- 
tration (belov; 20 percent) is frequently accompanied by ex- 
cessive alcl-ad inclusion and inconsistency in strength. 

'7. The heat -affect ed zone (G-) is that region of the par- 
• ent -metal surrounding the weld nugget the properties of v/hich 
have been changed as a result of exposure to elevated temper- 
atures. The shear and tensile strengths of the 24S-T alloy 
are reduced in this region. Structural changes, such as in- 
cipient melting of the material and intrusion of eutectic 
along grain boundaries, occur in this zone. (See reference 
6.) Very large welds tend to "pull a button" when they fail 
under shear loading, the failure possibly occurring in part 
through this heat-affected zone. (See reference 7.) Welds 
which fail by shearing the nugget through the faying plane 
are not greatly affected by this zone insofar as the shear 
load required for failure is concerned. 

8. The faying Diane (H) is the piano of joinrng between 
the v/elded sheets. Bonding between the two sheets in this 
plane gives the v;eld its strength. 

C, Factors Contributing to Weld Shear Strength and Quality 

Spot v;elds are seldom designed to be loaded in tension. 
The spot weld is much stronger under shear loading and is 
normally designed on the basis of static- shear loads. The 
most commonly used measurement of weld strength is the stat- 
ic shear strength of a single spot lap joint. (See refer- 
ence 5.) It is this static shear strength which must be pre- 
dicted reliably by nondestructive tes't s to obtain their 
general acceptance. If static shear strength cannot be pre- 
dicted reliably, the nondestructive test method must be con- 
sidered a failure, regardless of how well it measures other 
weld properties. 

Unfortunately, static shear strength alone is not a good 
measure of spot-weld qu a lity . Weak welds without any nugget 
bonding whatever at the faying surface may pass minimum ac- 
ceptable static shear strength requirements by virtue of 
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alclad "bonding; yet these welds might fail in service. Very 
large v;elds with oversize, cracked, brittle nuggets and low 
ductility may show very high static shear strengths, yet con- 
trihute to early fatigue failure and rapid corrosion. An 
ideal nondestructive test should distinguish "between these 
defects. 

The single spot-v/eld parameter v/hich "by itself corre- 
lates most reliably with static shear strength is the weld- 
nugget diameter at the faying plane. More precisely, it is 
the net area of cast alloy (total nugget area less the area 
of the alclad inclusion) at the faying plane which determines 
weld strength. With excessive alclad inclusions, measurement 
of the over-all nugget diameter can be misleading to the ex- 
tent of 100 percent error in predicting weld strengths. V/ith 
normal alclad inclusions, the nugget diameter measures weld 
static shear strength with an error of ±10 to ±20 percent of 
actual weld . str engt h . (See fig. 41.) For welds without ex- 
cessive alclad inclusions or corona bonding, which fail by 
shearing the nugget through the faying plane, the correlation 
is quite reliable. For stronger welds which fail by "pulling 
a. button," the correlation is less reliable, but in all such 
:, cases the v/eld strength is less than would be expected for 
failure by shearing through the nugget at the faying plane. 

The second parameter, in addition to the net area of 
cast alloy at the faying plane, which contributes signifi- 
cantly to spot-vreld shear strength, is the effective area of 
alclad or corona bonding at the faying plane. In cases v/here 
the cladding is fully bonded betv/een the sheets near the 
weld, there occurs a strength contribution per unit area of 
bonded cladding, equal to approximately half the unit strength 
of the cast alloy. In weak welds, the area, of bonded cladding 
may easily exceed the cast alloy area in the ratio of 3 or 4 
to 1. In these cases the bonded cladding contributes a major 
portion of the static shear strength of the weld. This added' 
strength would be evident in the static shear pull test, yet 
could not be relied upon for the life of a welded structure, 
as the alclad bond is of questionable nature. 

It is difficult to measure the net area of alclad bond- 
ing, not including the area of nugget bonding, in a nonde- 
structive test. However, if reliable independent measurements 
can be made of the total bonded area and of the net nugget 
area at the faying plane, their difference measures the area 
of bonded cladding. 

Cracking and porosity v/ithin the v/eld nugget have 
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negligilDle effect upon static shear strength^ except insofar 
as the,y affect the bonded area at the faying plane. 

The influence of the different types of metallur/^i cal 
structure on the characteristics of spot welds is not knovm 
at .-pre sent , hut it is prohahly of much less importance than 
factors such as size, shape, soundness, and.freedom from 
cracking. (See reference 6.) Measurements have shown no 
reliable direct correlation hetv/een any metallurgical prop- 
erty and weld strength, except insofar as nugget geometry 
has been measured by structural properties. 



D.'Weld Types to be Discriminated 

The task of developing nondestructive tests for spot 
welds is frequently given by production welding groups to 
research groups or outside organizations whose familiarity 
with production welding conditions is limited. All too fre- 
quently, these research workers have a falsely simplified 
concept of the nature, geometry, and structure of spot welds, 
on which to base their nondestructive test developments. It 
must" therefore be recognized that the size, shape, and bond- 
ing, particularly of weak welds, are exceedingly variable. 
Static shear tests alone tell very little about weld geometry, 
size, and quality. Many anomalous conditions exist which 
tend to invalidate nondestructive test methods. 

To aid in the development and interpretation of nonde- 
structive spot-weld tests, a classification chart is given 
showing the faying surface and a section through the nugget 
for several tyoical ST3ot welds made under industrial welding 
conditions. These welds were made on energy storage welders 
of both the magnetic and the condenser types, which tend to 
produce similar weld structures. No alternating-current 
welds are included, but similar results can be obtained with 
alternating-current welders under certain conditions. 

Tot simplicity, the classification chart begins with 
very low energy welds, and progresses to. larger and stronger 
welds made with increasing energy . In this manner the sig- 
nificance of the various weld regions in contributing to 
weld strength can be easily determined. 

These welds were made on industrial spot-welding machines 
with all preparation and welding conditions normal, except 
energy setting or, in a few cases, forge pressure delay time. 
Thus, the net heat developed in the weld was used as the chief 
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variable in producing these v/eld types. The had welds were 
purposefully made so for \ise in developing nondestructive 
spot-weld tests. 

•type A Welds* - Alclad Bonding Only with No Nugget Formation 

(See fig. 2, ) 

Weld A-1 represents the lowest energy setting of the 
welding machine producing ohservahle "bonding at the faying 
surface. A small region of the alclad layers has heen heated 
and subjected to pressure, producing a weak "bond possibly due 
to plastic deformation and. keying at the faying surface. 
This weld fell apart upon handling. The bonded points are 
good conductors of heat and electricity across the faying 
surface between the sheets; the surrounding faying surface is 
a very poor conductor as a result of the presence of a thin 
layer of aluminum oxide, which acts as an insulator. No 
changes have occurred in the parent metal, and no nugget for- 
mation has occurred. 

V/eld A- 2 was made under the same conditions as weld A-1 , 
but more extensive bonding has occurred at the faying plane. 
The alclad layer has bonded over a slightly larger area. The 
static shear strength was 100 pounds. This bond, because of 
increased area, shows less over-all resistance to the flow of 
heat and electric current across the faying plane than the 
bond of weld A-1 . 

Weld A-3 made with increased energy shows a still larger 
area of alclad bonding, and developed a static shear strength 
of 215 pounds. The resistance of this bond to the flow of 
electric current and heat is still less than that of weld A-2, 
because ~of the increased bonding area. 

All the welds of type A, frequently called "stuck" welds, 
involve only alclad or corona bonding without any nugget de- 
velopment whatever, and should be classified as worthless. 
This type of bonding results only under a locally ideal con- 
dition of surface preparation, such as wire brushing or care- 
ful etching. A fingerprint or the use of other methods of 
surface preparation may result in absolutely no bonding under 
the same conditions of welding. However, welds of this type 
have been noted with much larger area of alclad bonding, 
which develop more than the Army minimum acceptable static 

*Specimen welds shown are all made in 0.040-inch 24S-T 
alclad sheets. All are shown at lOX magnification. 
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shear strengths. The weld shear strength is directly propor- 
tional' to t he net area of true bonding, and the unit shear 
strength is near 10,000 psi. Nondestructive tests which 
measure the area of bonding at the faying plane tend to meas- 
ure weld shear strength accurately, when alclad bonding is 
the only type of bonding present in the group of welds under 
t e st . 

Typo-B Welds - Elementary Nugget Formation 

(See fig. 3.) 

Weld B--1 sho\^s the effect of a different method of sur- 
face cleaning upon the bond at the faying surf ace . Suffi- 
cient welding energy to provide an elementary nugget in both 
sheets has been supplied, yet almost no bonding v/hatever has 
occurred save on the periphery of the heated area. This 
"weld" fell apart upon handling. 

Weld B-2 represents a slightly higher weld energy than 
the vrelds of type A, with very elementary tendencies toward 
nugget formation. Nearly 100 percent of the bonded area con- 
sists of alclad bonding with an almost negligible area of 
cast alloy or nugget bonding. This weld failed at a shear 
load of 360 pounds, the increase in strength over weld A-3 
resulting chiefly from the increased area of bonding. 

Weld B-3 represents a further increase in weld energy, 
producing a "crescent" or "doughnut" shaped nugget develop- 
ment. Some of the' alclad layer has been melted and alloyed 
with the nugget material, permitting the cast alloy of the 
nugget itself to form a direct bond over a small ring-shape 
area. This weld developed 580 pounds in static shear test, 
most of the gain in strength over weld B-2 resulting not 
from a change in the ar ea of bonding, but rather from a 
change in the tyre of bonding - from alclad bonding; to cast- 
a lloy bonding in the nugget area. The cast-alloy bond 
usually develops about 20,000 psi unit shear strength, approx- 
imately twice that characteristic of the alclad bond. Thus 
this weld v/ould not be discriminated from weld B-2 by non- 
destructive tests involving only the measurement of the total 
area of bonding at the faying surface. 

V/eld B-4 , made with still greater energy, developed a 
flat nugget of larger size, but seems . t o- 1 ack alclad bonding 
entirely. Its strength of 480 pounds is consequently lower 
than might be expected. This failure of corona bonding may 
have resulted from local surface contamination of the faying 
plane, as by a fingerprint. Thus neither the relative size 
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of nugget nor the relative "bonded area of this weld can meas- 
ure its strength reliably in comparison with preceding welds. 
Nondestructive tests "based only on measurement of the conduct- 
ing area at the faying plane would classify this weld as near 
to weld A^2, which has ahout 50 percent of its area, yet only 
21 percent of its strength, and so the tests would "be 100 
percent in error. Tests "based on nugget size alone would 
classify it as stronger than weld B-3 , and would probably be 
40 to 50 percent in error. 

V7 e 1 d 3 5 developed a flat nugget comparable to that of 
weld B-4, but the total bonded area covered only half the' 
usual circular area, and contained only a small area of cast- 
alloy bonding. Consequently, this v;eld is weaker strength 
(340 lb) than welds B-2 and B-3. 

All the welds of type B, frequently called doughnut or 
crescent welds, involve small regions of cast alloy or nugget 
development with or without extensive alclad bonding depend- 
ing upon conditions of surface preparation. The cast-alloy 
bond develops about twice the unit shear strength of the com- 
plete alclad bond. Hence v;eld strength is not measured re- 
liably by the total area of bonding at the faying surface. 
Usually the strength varies widely between successive welds 
made under these welding conditions, so that all these welds 
are undesirable because of lack of consistency, even though 
a group of these welds may pass the minimum acceptable shear 
strength requirement . 

The changes in weld energy in this group of welds were 

obtained with constant energy (current relay) setting of the 

Sciaky welder by advancing the application of forging pres- 
sure by varying amounts of time. 



Type-C Welds - Small Diameter Nuggets with Normal 

Alclad Inclusions and Low Penetration 
(See fig. 4. ) 

Weld C->1 has a small nugget of normal shape and a rea- 
sonable amount of alclad inclusion, typical of welds made 
with higher energy than the type-B welds, but with insuffi- 
cient energy to produce full-size nuggets. Little alclad 
bonding occurred on this weld. The weld strength is only 
200 pounds. The penetration is low, amounting to about 30 
percent of the sheet thickness. 
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Weld C^2 was made with greater energy than weld C-1 and 
has somewhat larger diameter and ahout 55 percent penetration 
The strength is 380 pounds. The nature of the corona "bond on 
this weld is que st i onahle , 

Type-C welds result under otherwise normal welding con- 
ditions when weld energy is slightly low for the production 
of normal size welds. If the corona hond happens to he ex- 
tensive, the welds develop normal static shear strength. 
However, if corona "bonding is a'bsent, the weld strength is 
low. Inconsistency of strengths results, particularly if 
surface preparation and cleaning of the sheet were inadequate 

Type-L V/elds - Normal Diameter Nuggets with Normal Penetration 

(See fig. 5. ) 

Weld D-1 is a weld of normal diameter, penetration, and 
shape. Its strength was 725 pounds. It has an adequate area 
of cast-alloy oonding at the faying surface, to which corona 
"bonding adds further strength. The alclad inclusion is not 
excessive. The weld is "sound" - that is, it is free of 
cracks and porosity. The penetration is not excessive, since 
the heat-affected zone does not extend to the surface of the 
24S-T alloy. This- is the preferred type of weld. Its maxi- 
mum sti'ength has "been realized "because it. failed "by shearing 

through the nugge't at the faying plane. , 

■ . . ■ ' • ■ • ...... 

Weld I>-2 I'k a 'w'eld' of normal penetration and shape., with 
-slightly larger diameter than weld D-1 . ' It .failed by pull- 
in'g a "button, with partial shearing of' the nugget, and so de- 
veloped only 580 pounds shear strength. 

The welds of type D consistently develop accepta"ble 
static shear strength, and ar e , char act er i zed by normal diam- 
eter, well-shaped nuggets of reasonable penetration. The 
welds are usually sound and free from cracks, porosity, and 
lack of fusion. ^ , . " 

Type-S Welds - Oversize Nuggets with iJxcessive 

Penetration, Cracks, Porosity, or Spitting 
- ( See f ig . 5 . ) 

V/eld :S-1 has a nugget of normal diameter with excessive 
penetration into one sheet, and a tendency t ov;ard cracking 
in the nugget. Sheet efficiency may be impaired by the 
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excessive penetration, and fatigue strength might be lowered 
through further growth of the cracks. Should the cracks ex- 
tend themselves to the sheet surface, corrosion may further 
impair the weld quality. Strength was 700 pounds, no greater 
than that of a normal penetration weld with the same nugget 
diamet er . 

W eld E-2 shows excessive cracking in a weld of nearly 
normal nugget diameter and penetration. This results from 
inadequate electrode pressure during welding; in this partic- 
ular case the application of forging pressure was purpose- 
fully delayed to. obtain this result. The fatigue- and corro- 
sion-resistant properties of the weld may be impaired. 
Strength was 590 pounds. 

Nugget cracks usually lie in planes normal to the sheet 
surface, and radiate spokelike from the center of the nugget. 
Current and heat flow through the bonded area normal to the 
faying surface are not appreciably affected by such cracks. 
X-rays, or eddy-current flow parallel to the plane of the 
sheet, will detect this type of cracking. 

Weld E-3 has a large diameter nugget with excessive pen- 
etration into one sheet. Cracking is frequently present in 
such oversize welds, particularly where inadequate tip pres- 
sure has been used. Further increase in nugget size offers 
little advantage, for possible increase in static shear 
strength is offset by probable reductions in fatigue strength, 
sheet efficiency, ductility, and corrosion resistance vrhen 
excessive penetration and cracking result. 

Weld E-4 has an abnormally large nugget with excessive 
penetration and cracks extending to the sheet surface. It 
developed a static shear strength of 1385 pounds, but the 
crack might serve as a focal point for corrosion or fatigue 
failure . 

Weld E-5 exhibits "spitting" at the . faying surface, a 
condition which usually is accompanied by porosity and re- 
duced strength (640 lb). 

Welds of type E may occasionally develop greater static 
shear strength than normal welds, but this gain is offset by 
a decrease in strength consistency, and a ,pr obabi 1 i t y of ex- 
cessive penetration and cracking. 
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TESTS AND RESULTS • 



At the time this research was hegun, several methods 
for the nondestructive testing of spot welds in aluminum al- 
loys had "been proposed. Each of these methods involved an 
attempt to measure the total area of "bonding at the faying 
plane, through the flow of direct current, alternating or 
• eddy current, heat, vibration, or sound v/aves across the fay- 
ing plane at the hond. Tests showed that none of these meas- 
urements could predict weld strength reliahly, and that the 
reason for their failure lay in their inability to discrimi- 
nate "between the relative areas of nugget "bonding and of al- 
clad "bonding at the faying plane. If such tests were cali- 
brated on welds having nugget "bonding only, the measurements 
could falsely indicate the strength of a v^eld with predomi- 
nantly alclad "bonding to "be as much as 100 percent a"bove the 
true strength. For this reason, tests developed by several 
research laborat ories failed to discriminate weld strength 
and quality and their development was abandoned. 

During the^ past year, radiographic methods of inspecting 

spot welds have been developed- to show "great .promi se . (See 

references 4, 6, .8, 9, and 10 ll''^' _ The radi ogr aphing of spot 

welds, however, seemed unattract'ive to* aircraft' manufacturers 

because o,f. the co.st, time delay, and skill required in t.est- 

ing-,. as,.. well, as. the ^lossibility of mi slnt^rp^r'et at i on- .o f the 

radiographs or'; mi suse' of the meth o'd"./' Th^- >pr'act.i:ca;^^^^^^ of 

the method has hot yet been pr oved for ' indu^-strlal' 'product i on 

inspection* Therefore a specific directive t o deve-l op -non- 

radiographic test methods, if possible, was given to this 

project . V 

. .. A 

For the use of research organizations inter est ed : in the 
development of nondestructive tests for spot welds, a brief 
description of proposed test methods is now given -Method s 
proposed and . developed independently by California Institute 
.of Technology are indicated with a (ji) sign. Methodfs pro- 
posed elsewhere are indicated by a superscript let t er 4. . gen- 
eral information on the methods is included where it may 
prove useful. These pethods include: 

( a) • Vi:jBu^l' Jnsp4'ct i bin ' ^f^- Spat'-W^ld%' ;: 

(b) Electric- Current ( C onducti on ) ' T e st s : 

(c) Eddy-Current (Induction) Tests 
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(d) 



Thermal (Heat-Flow) Tests 



(e) 



Sonic and Vibration Tests 



(f) 



Sheet -Sur face -Condi t i on Test s 



(g) 



Impressor or Penetrator Tests 



(h) Mechanical-Proof Tests 

(i) Radiographic Tests 



A. Visual Inspection of Spot Welds 

Quality control of spot velds in the aircraft industry 
is olitained at present oy (See reference 5.): 

1. Careful process control 

2. Qualification testing of machines 

3. Percentage destructive testing 
4p St r engt h- c on si s t ency tests 

5, Weld- metal- structure tests, and 

6. Visual inspection of welded parts and structures 

Visual inspection is the only nondestructive test which 
has received general acceptance in the industry. 

A skilled inspector, familiar with the conditions of 
preparation and welding, and 'the characteristics of partic- 
ular machines in a given plant, can ohtain a great amount of 
information concerning weld quality by visual inspection of 
the finished parts. Parts showing- excessive indentat i ons . of 
the sheet "by the welder electrodes are of course rejected, 
for surfaces exposed to the air stream in which a smooth 
surface is required. 

The presence of spits or flashes, or evidence of exces- 
sive tip pickup, often indicates had welding c ondit i on s . 
Welds with 'cracks extending to the sheet surface are easily 
observed, and cannot be accepted because the se cracks .serve 
as focal points for corrosion. Evidences of excessive sheet 
separation indicate bad welding conditions, with possible 
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expulsion of metal from the weld zone and resultant cracks 
or porosity. Certain surface conditions can "be correlated 
with ductility or, conversely, with iDrittleness in the weld» 
Under controlled conditions of welding, nugget size, weld 
energy, and timing of forge pressure can be correlated with 
surface indentation of the sheet. The research man must 
avoid developing nondestructive tests which measure these 
spot-vjeld parameters no more reliahly than does visual in- 
spection. 

B. Electric-Current Conduction 

Indi cat ions obtained in electric- current conduction 
tests depend upon the measurement of resistance in the weld 
region. They depend in particular upon the fi:e ome t ry of the 
conducting path, and upon the specific resistivity of volumes 
and surface regions in that path. Because of the very low 
resista^nce of aluminum alloys, even with a current path lim- 
ited to the weld region to obtain sensitivity to v/eld condi- 
tions, large currents, 10 to 100 amperes, usually'are re- 
quired. Sensitive pickup units with low internal resistance, 
designed to respond to 5 to 100 microvolts, are needed. Only 
a small portion of the total energy input to the weld region 
is available to actuate the indicating instrument ' in the 
pickup system. The relatively large effects of. contact re- 
sistances and thermal electromotive forces must be reduced in 
the measuring circuits. 

It is difficult to detect variations in the specific 
resistivity in the various metallurgical regions of the spot 
weld, from the outer surface of the sheet. Despite the fact 
that 24S-T has approximately twice the resistivity of 2S-0, 
and about 16? percent of t he r e si st i vi t y of 24S-0, the usual 
weld nugget- has little resistivity effect upon electrical 
measurements from the outer surface of the sheet. There are 
no boundary regions of very high resistance between the nug- 
get and the parent metal. Por welds of normal or low pene- 
tration, the overlying layer of parent metal tends to mask 
small changes in resistivity within the nugget. 

As an example of this condition, a rectangular prism 
containing half a weld nugget v/as cut from an 0.064-inch 
24S-T alclad sheet containing typical spot welds. The sides 
of the prism were machined smooth and parallel, resulting in 
a block 0.064 by 0.020 by 1 inch containing half the weld 
nugget, as shown in figure 7. Direct current was passed 
through the strip from end to end. The potential distribu- 
tion was measured by means of a potentiometer easily adjusted 
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to 1/2 percent of the total voltage drop in the piece, 
through the use of a sharpened aluminum alloy probe and a 
dividing engine. The potential distribution was found to "be 
that shown in figure 7 for measurements on the side of the 
hlock which had heen the faying plane. Ho significant dis- 
continuities exist. Measurements on the opposite side of 
the "block showed a linear potential distribution. Similar 
profiles in v/hich the difference in voltage "between two 
probes 0.04 inch apart was measured as the probe assembly 
was moved along the piece also showed no resistance discon- 
tinuities. In the absence of pores and cracks, therefore, 
it Will be very difficult to use specific volume resistivity 
measurements from the outer surface of the welded sheets to 
measure weld size or quality. 

It is feasible to detect variation in the total conduct - 
ing are a of the bond between the sheets at the faying plane 
of a spot weld. This may be done by using direct current 
flowing across the faying plane ( normal to the sheet surface) 
at the bond. Several dir e ct- cur r ent tests of this type have 
been proposed. Direct current flowing in the plane of the 
sheet does not measure the area of bonding, unless a sizable 
normal component of flow through the bond can be established. 
(See fig. 8.) 

Advantage s of dir e ct - curr ent methods lie in their sim- 
plicity and their immediate response. 

Pi s ad vant ages of dir ect^curr ent test methods lie in the 
difficulties of establishing satisfactory probe systems with- 
out excessive contact resistance or thermal electromotive 
forces, as well as in the small energy available in the pick- 
up system. 

1. Two-side direct-current test^ .- In this test, a large 
direct current is passed from a cylindrical . current electrode 
(I) in contact with the sheet surface above the spot weld 
through the weld normal to the faying plane to a similar cur- 
rent electrode in contact with the sheet surface below the 
spot weld. (See fig. 9.) Potential probes (P) in contact 
with the outer sheet surfaces and connected to a low-resist- 
ance galvanometer, measure the potential drop through the 
weld. This test measures the total bonded area at the faying 
plane of the weld. For welds with small areas of bonding, 
the lines of current flow are crowded together at the faying 
plane and produce a relatively higher potential drop than 
with welds with a large area of .bonding. (See figs. 10 and 
11.) Higher potential readings thus tend to indicate smaller, 
and pre sumably" weaker , welds. 
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Pre caut Ions to "be observed in makin^^ this test are: 

1 . The .curr ent electrode s must "be fixed relative to one 
another and "be very carefully centered above the actual v/eld. 
(Incidentally, the v/eld may not "be centered under the impres- 
sion of the tip of the welder electrode.) A displacement of 
the current electrode l/l6 inch from the optimum point with 
respect to the v/eld may introduce a lOQ percent change in 
potential indication. (See fig. 10.) Each area of the cur- 
'.rent electrode must make the same decree of contact, and 
carry the same proportion of the total current, on successive 
measurements, in spite of variations in the geometry of the 
indentation of the sheet surface "by the welding tips. 

2. 'The Dot en tial -probes must be very carefully and per- 
manently located vrith respect to the current electrodes. A 
displacement of 1/64 inch produces a large error in potential 
indication. Centering the potential probe symmetrically with 
respect to the current electrodes, so as to measure only the 
voltage drop due to current flow n ormal to the sheet surface, 
has been shown to give optimum sensitivity in these tests. 

3. The pot ential prob e should have a sharp tip of a 
hardened alloy, capable of puncturing the oxi de . f i Im: on the 
surface of the aluminum sheet without requiring the applica- 
tion of excessive pressure or penetrating a variable distance 
into the sheet. Low., con-stant c ont act re si stance must be ob- 
tained. Furthermore, the potential pr.obes must be made of an 
alloy which' develops only a. very small • -thermal electromotive 
force ^when in contact with aluminum. This is necessary be- 
cause the potential drorj across the weld amounts to only a 
few microvolts (O to 50) in ordinary welds, for total cur- 
rents large enough to heat the weld region appreciably. 

4* The a-pplied p ressur e and the total test current 
should not be large enough to cause further fusing of alclad 
at the faying surface, as this naturally introduces errone- 
ous test indications. 

^- Cleaning the sheet surfaces above the v;eld with steel 
wool and acetone tends to improve test consistency. 

Inherent" errors in this test method, present even when 
test eoj^uipment is correctly de si gned , accurat ely built, and 
properly used, are: 

1. An error in predicting weld strength amounting to as 
much as 100 percent of actual weld strength, resulting from 
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the inability of this test to discriminate the relative areas 
of alclad and nugget "bonding at the faying plane. Both types 
Of "bonding have low resistance in comparison with the un- 
.bonde.d oxide coated areas of the faying plane, and both types 
of bonding serve equally well as electrically conducting 
areas in this test, 

2. An error of as much as 100 percent in potential indi- 
cation, resulting from displacements of the electrode assem- 
bly by 1/32 inch or more from concentricity with the bonded 
area at the faying plane. Since there is no indication on 
the outer sheet surface of the exact location of the bond at 
the faying plane, save the indentat i on • caused by the \\relder 
tips, this error cannot be remedied except by profiling the 
weld region to obtain a minimum indication. Results of typ- 
ical profile electrical test on welds are given in figures 

10 and 11. 

3. An error of variable magni tude r e sul t i ng from varia- 
tions in the shar>e of the conducting area at the faying .plane 
A long narrov/ bonded area might develop the same shear 
strength as a circular bonded area of equal magnitude, but 
test indications would vary. 

4. An error of variable magnitude resulting from the 
presence of adjacent welds or rivets near the weld under test 
A portion of, the testing current is shunted through these ad- 
jacent bonded areas, lowering the test indication. Similar 
large errors in indication may result when "spits" or expul- 
sion of metal occur and bond the faying surface near the weld 
under test. 

Im-pr ovement s in this test method were, obtained by follow- 
ing the listed precautions, and, in addition: 

1. 3y modifying the originally pr.oposed three-poi]^t cur- 
rent ~ e 1 e ct r ode assemblies to use four to six points^P^ or" 
areas of contact arranged in a circle, or a cylindrical 
electrode making a circular contact with the sheet surfatie 
This eliminated errors occurring on welds with elementary 
nugget formation when chance alone determined whether only 
one, or two, of the current electrodes in the three-electrode 

'assembly lay over the bended portion of the- weld. 

2. By selecting the diameter of the circle of current 
electrode contact slightly larger than the bonded area of the 
normal weld, optimum sensitivity to weld area was obtained, 
with minimum shunting of current through' adjacent welds. 
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3. 3y applying a measured pressure^^^ to the current 
electrodes which were accurately alined in the form of a 
circle of spherical contacts or a cylindrical contact, vari- 
ation in depth of penetration of the current electrodes into 
the sheet, and errors in alinement, were greatly reduced. 

Advant ag:e s of the two-side direct-current test include: 

(a) its simplicity, (h) its great sensitivity to weld pres- 
ence (indications increase "by a factor of 80:1 as the elec- 
trode assemlDly is moved off a weld to a point halfway "be- 
tween two welds 1 inch apart), (c) its effectiveness in 
measuring the area of contact regardless of type of iDonding 
present (the extent of alclad bonding is very difficult to 
measure "by other methods): 

Pi sadvant a^e s of the two-side direct- cur rent test in- 
clude: (a) its inability to measure weld strength reliably, 

(b) its inherent errors, (c) the fact that it requires ac- 
cess to both sides of the weld, (d) the large testing cur- 
rents required, (e) the small energy available in the poten- 
t ial circuit , 

■ 2. One-side direct-current test ^.- In this test, a di- 
rect current is passed between two current electrodes (I) 
both of which are in contact with the same outer sheet sur- 
face above the spot weld. The potential drop between two 
probes (p) placed on the. center line of the current elec- 
trodes, also in contact with the same outer surface of the 
sheet, is measured by a potentiometer or 1 ow- r e si st an ce 
galvanometer. (See fig. 12.) In the weld region, some of 
the current tends to flow down below the faying plane through 
the bonded area, reducing the current density in the upper 
sheet above the weld. Thus the potential gradient is lowered 
above a spot weld with a large area of bonding, and lower .po- 
tential indications result. 

Precautions identical with those listed for the two-side 
test must be observed vrith this method. 

Inherent errors identical with those listed for the two- 
side test exist with this test method. In addition, the one- 
side test is very much less sensitive to the presence of a 
weld, and to its size, than the two-side test. Whereas the 
two-side test indication changes by a factor of 80:1 as the 
test assembly is moved from a location 1/2 inch from the weld 
to a point over the weld, the one-side test changes its indi- 
cation less than 20 percent with a similar movement of the 
assembly. Since only a small fraction of the total current 
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flows ."below the faying plane at the weld, the percentage 
change in indication "between small welds and large welds is 
less than 10 percent, under optimum test conditions involv- 
ing only one weld in a 1-inch wide shear test strip. (See 
fig. 13 for typical results of tests made on 29 spot v/elds 
in ' 1-inch-wide , one-spot, lap-joint test strips of 0.064- 
inch 24S-T alclad sheet. In large sheets containing many 
v:elds, the change in indication "becomes exceedingly small 
and very difficult to detect - experiments on industrially 
made welds showed this change to "be entirely masked "by the 
inverse effect of the indentation of the sheet "by the welder 
electrode. (See fig. 14.) The limits of sensitivity of 
this method, determined "by calculations, and checked "by po- 
tential measurements in a large scale salt-water model of 
the conductor in the weld region, are very low. In practice 
it is difficult to realize even a fraction of the theoreti- 
cal limit of sensitivity, 

I myr ovement s in this test method were o'btained "by fol- 
lowing the listed precautions, and in addition, "by modifying 
the electrode assem"bly to form a Wheatstone hridge circuit 
with the weld under one leg of the bridge. (See fig. 15.) 
The direct current passes through the sheet from electrode 
li to electrode I^. The weld, if adequately "bonded, ' 
lowers the resistance of one leg of the "bridge. A potential 
appears between and due only to the effect of the 

weld in un"balancing the current distribution. A far greater 
percentage change in indication with change in weld size is 
obtained than with the unmodified one-side test. This test 
also discriminated welds with large bonded area from welds 
with small bonded area in single spot-weld 1-inch test 
strips, but suffered great loss of sensitivity when applied 
to large sheets with many welds. 

The advantage of the one-side test' lies in the fact 
that access is required to only one side of the welded struc- 
ture. Although 90 to 95 percent of all spot welds in air- 
craft structures are accessible from both sides at some 
point in the fabrication process, this would enable the test- 
ing of welds even on closed structures. 

. The di sadvant age s of the one-side test lie in its inher- 
ent errors and in its very low sensitivity. Only small de- 
flections can be obtained, even with long-period, high-sen- 
sitivity galvanometers in the potential circuit. Test indi- 
cations are affected as much by sh.eet indentation as by the 
presence of weld bonding, Fo practical reliable form of this 
test has been developed as yet . 
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3. LaT)-.ioint direct^ curr ent test ^ In this test a 
direct current is passed through the weld "between t\^o current 
electrodes, one of which is in contact with the top surface 
of the upper sheet directly ahove the weld, while the other 
is in contact with the top surface of the lower sheet adja- 
cent to the weld. (See fig. 16.) The major part of the cur- 
rent thus passes normally through the faying surface of the 
weld under investigation. The potential prohes are located 
at the centers of the cylindrical current electrodes, in one 
form of the test assembly. Variations in the area of "bond- 
ing at the weld introduce variations in the potential drop 
near the faying surface which tend to introduce variations 
in. the total drop "between the potential pro"bes. Higher po- 
tential drops should occur with weak welds of small "bonded 
area . 

Pr ecaut i ons to he o"bserved in making this test include 
those listed for the two-side direct-curr ent test, except 
that the current electrode in contact with the lower sheet 
must he in a fixed position with respect to the weld, as 
close as possible to the weld. This electrode should con- 
tact only the lower sheet. 

Inherent errors , similar to those listed for the two- 
side direct- current test, exist for this method. In addi- 
tion, much larger errors, due to ext ended pat h of current 
flow along the lower sheet, result frora variations in geom- 
etry of structure, edge effects, adjai^ent welds, and amount 
of overlap in the lap joint . 

The di sadvant age of this, test is its very., low sensitiv- 
ity. The maximum possible variations in the^ total potential 
which could result from varying the geometry of "bonding at 
the faying surface of the weld are only 5 to 10 percent of 
the total potential drop. This is not a sufficient degree 
of sensitivity. Uncontrollable variations due to other fac- 
tors are of the same order of magnitude. In general the var- 
iations at the faying surface are completely masked, and the 
test is of no value. 

Figure 17 shows the sensitivity of the assembly to the 
p resence of a weld . The assembly was moved lengthv/ise over 
the surface of the weld, and readings taken every l/l6 inch. 
Comparison of':this curve with figures 10 and 11 for the two- 
side test shows clearly how much less sensitive this assembly 
is to the presence of a v/eld. In the two-side test the ratio 
of potential measurement halfway between welds to potential 
measurement directly over the v/eld is about 80 to 1-, whereas 
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in this case the ratio i'g only alDOut 1.5 to 1. To determine 
the ability of the assemhly to detect unfused "welds," tests 
were conducted on a group of welds in which 2 out of every 3 
were not fused* (The welds were purposely made this way.) 
The results are tabulated on this page in table I. The same 
welds were then subjected to the two-side test and the re- 
sults are recorded alongside. It is to be noted that the 
readings of the one-si.de test vary only a small percentage 
(5 to 10 percent) betveen fused and unfused welds (the fused 
weldis were normal st r (jngth ) wher eas the two-side test gives 
roughly a 10,000 percen'U variation between these two types 
of weld. It m3,y be Toasonably concluded that the lap-joint 
test will not even dc-Toct with certainty a completely unfused 
weld. In view of tl-ic direct evidence, it was decided use- 
less to conduct test;£ on v/'.ids where the strength variations 
were, smaller. On the basis of the above facts, it seems cer- 
tain that this pax'ticular one-side test is not useful. 
Since, with this appr.ratus, the weld was isolated as com- 
pletely as is possible, other types of assemblies with more 
remote electroaes would certainly not be useful. 



TABLE I 



Weld 


Slectrical 
ir-dicat i on* 
One- side test 


31ectr ical 
: ndi cat i on* 
Tv/o-side test 


Pull 
strength 


1 


12.0 


9 . 2 


0 


2 


7.0 


14.0 


0 


3 


6.4 


. 037 


7 25 


4 


6.8 


10.5 


0 


5 


6.4 


12.5 


0 


6 


6.4 


.070 ■ 


8 60- 


7 


6.6 


7.5 


0 


8 


8.8 


10.8 


■0 . 


9 


7.3 


. 07l' 


805 



♦Indication in \x. amperes per ampere 



24 



NACA T!T No. 945 



4 . One-electrode directs current test ^ r \ ^ Jn this test, 
current passes into the weld region from one electrode (fre- 
quently airing contact), and is collected from the spot- 
welded structure at remote points. Two potential probes (P) 
are radially displaced within the current electrode (I). 
(See fig. 18.) Over the center of a uniform sheet, very 

.little potential difference appears across the potential 
pro-'bes i^hen cur^r-ent flo\/§. away from the current electrode 
symmetrically through, .the sheet. If current flows into the 
lower sheet of a joint through a weld under the electrode 
assembly, a larger divfference of potential appears "between 
the radially displaced potential probes. The potential dis- 
tribution in the weld region is similar to that obtained 

-with -heat flow . from a source in contact with the sheet sur- 
face. Development of this type of test has been postponed, 
since. the variability of the return current path makes this 
test less reliable than even the lap-joint direct- current 
test. 

^* Alterna t ing- current conduction tests^^^ - 3ach of the 
types of test described for direct current might conceivably 
be used with alternating current, provided inductive pickup 
could be eliminated from the potential probes and leads, and 
a suitable detector for 5 to 50 microvolts alternating current 
supplied. Alternating-current galvanometers are too insensi- 
tive for use as potential indicators-; so vacuum tube amplifi- 
ers with stable calibrations are usually indicated.- A direct- 
current galvanometer used v.^ith a suit able copper- oxide 'r ecti- 
fier of very low resistance can also be applied, for larger 
potential drops. 

In addition to the -p r ecaut ions listed for dir ect- cur rent 
tests, especial care must be used to avoid inductive pickup 
in the potential probes and leads. The resistance drop of 
potential across the weld is so small that the inductive pick- 
up in unshielded potential leads vrould be several hundred 
times larger. Even though this induced voltage were 99 per- 
cent canceled by a reverse inductive voltage purposely intro- 
duced in the potential circuit, a large error in indication 
would remain. This difficulty nullifies other apparent ad- 
vantages in the use of alternating current. 

Inherent errors , identical with those listed for corre- 
sponding dir ect--r cur rent tests, exist with al t er nat ing -cur r ent 
conduction tests. 



Advant a^e s of alternating current over direct current in 
condu-ction tests lie in the simplicity of hi gh- curr ent power^ 
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supply t ran'sf ormer s and the possibility of instantaneous 
indications. 

Pi sadvant a^e s due to inductive pickup and lack of sen- 
sitive alternating-current potential indicators have been 
cited . 

C. Eddy-Current (Induction) Tests 

Several types of eddy-current tests have been proposed. 
In these tests, alternating magnetic fields are established 
in the region of the weld, resulting in a flow of alternating 
electric current through closed paths within the welded 
sheets. Since the resistivity differences of the various re- 
gions of sound welds are too small to serve effectively for 
discrimination of weld quality, eddy-current tests, like con- 
duction tests, must measure the area of bonding at the faying 
plane to predict weld strength. This can be achieved only by 
a flow of current normal to the faying surface at the bond. 

thin conducting sheets it is very difficult to estab- 
lish a significant component of current flow normal to the 
sheet surface. A variety of induction assemblies have been 
tried, even using massive blocks of good conductor to force 
the magnetic field down into the sheet, with no success what- 
ever in establishing a significant amount of current flow 
normal to the faying surface at the bond. Detection devices 
producing eddy currents flowing predominantly in planes par- 
allel to the sheet surfaces have not been able to differen- 
tiate betvreen good and bad spot welds. (See fig. 19.) 

Eddy-current test devices respond sensitively to sheet- 
surface geometry, weld cracking, and porosity. (See refer- 
ence 11.) They are applicable in detecting these conditions 
which may correlate with the fatigue strength of the weld, 
but which do not measure static shear strength. No eddy-cur- 
rent device proposed is known to measure static shear 
strength effectively. 

Advantage s of eddy-current test methods are: (1) Access 
is required to only one side of the welded sheet; (2) Ho 
electrical contact with the sheet surface is required; (3) 
Instantaneous indications are possible; (4) Depth, sensitiv- 
ity may be adjusted by choice of frequency. 

Pi sadvant age s of eddy.current test methods are: (l) 
Difficulty is encountered in establishing current flow nor- 
mal to the bonded area at the faying surface; (2) Probe 
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assemblies pick up very little energy; (3) Cracks, porosity, 
and sheet indentation tend to affect indications far more 
than does the area of honding at the faying plane; (4) Edge 
effects and adjacent welds affect indications; and (5) Sven 
if eddy- current flow could loe e s t alDl i p.hed normal to the fay-- 
ing plane at the weld "bond, no discrimination iDetween cast 
alloy honding and alclad honding (with only half the strength 
of the former) could he obtained. 

1. Transformer- lo ad in ig;- in^duct ion test^^^ The simplest 
eddy-current induct i on- t e st unit consists of a coil carrying 
alteriiating current placed above t he; c onduct ing sheet so as 
t^o pr o.duc'e' eddy currents which act as a secondary transformer 
loa'd o.n' the "coil. Using cores of pov/dered iron in wax mold- 
ed abo.ut small coils, the investigators have obtained a high- 
ly sensitive system of measuring sheet thickness, surface 
indentation, and resistance to the flow of eddy currents flow- 
ing in. pianos parallel to the sheet surface. No pickup coils or 
amplifiers are used; instead the coil and a suitable condenser 
are made parts of a series resonant arm of an alternating- 
current bridge, the flow of eddy currents in the sheet being 
reflected in the coil by increased primary coil current. 
(See fig. 20.) The change in inductance due to the secondary 
currents detunes the resonant circuit, and for a coil Q,* as 
lov/ as 20, a SOO-percent change in voltage across the con- 
denser occurs v/hen the unit is lifted from the surface of the 
conducting sheet. A 2-percent change in the thickness of an 
0. 080-inch sheet can be readily detected, without the bridge 
circuit, by measuring changes in voltage across the condenser 
with a vacuum tube voltmeter (l-percent changes are observa- 
ble with the bridge circuit assembly) . 

The location of the eddy-current path in the conducting 
sheet can be controlled by the use of a concentric pole 
assembly which can be easily formed to any desired shape us- 
ing the powdered iron in v/ax. A few of the more useful con- 
figurations are shown in figure 21. The depth of penetration 
of the eddy currents may be decreased by increasing the ap- 
plied frequency. A quick check on eddy-current penetration 
may be obtained by bringing a massive block of conductor into 
contact with the sheet surface opposite the coil, and observ- 
ing the highest frequency at which it affects the indication. 



*Q is the ratio of stored energy to dissipated energy 
in the coil, and is given by = V/L/R, where VJ = 2it 
times the frequency, L is the indv.ctance, and xl is the 
effective resistance of the coil. 
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No arrangement of pole pieces has yet "been devised to 
force sizable components of the eddy currents to flow nor- 
mal to the sheet ^ surf ace at the v.^eld. The flow of eddy cur- 
rents in. small circular paths in the plane of the sheets has 
proved very effective in detecting weld cracking and porosity 
Such weld cracks are usually radial cracks, normal to the 
sheet surface, extending outward from the center of the weld 
nugget, and so lie directly across the path of the circular 
currents, . (See., figs. 6 and 20.) The indication measures the 
over-al 1 . ext ent " of cracking and porosity, without measuring' 
the geometry of individual cracks. 

This device is also sensitive to the air gap "between 
the pole pieces and the sheet surface. Thus it responds to 
indentation of the sheet t)y the electrodes of the welder, 
.and actually has appeared t o di s cr imi nat e "between good and 
"bad welds through t.he measurement of the increased indenta- 
tion which tends to accompany larger weld nuggets. 

Pre'caut i ons to be observed in using the transformer- eddy 
current assembly are: (l) Frequency must he selected to o'b- 
tain eddy-current penetration adequate for sensitivity to 
weld properties*^ (2) The air gap "betvreen pole pieces and 
sheet surface must be maintained constant; (5) Corrections 
must "be made for changes in sheet thickness, tnaterial, and 
temper-^ and (4) It mtist he recognized that current flow is 
predominantly in the plane of the sheet and that the test 
does not measure static shear strength of spot welds, since 
its indications are independent of the bond -het ween the sheet s 

Inherent errors in this test method are (l) its inabil- 
ity to discriminate between porosit,v or small cracks, and 
certain larger crack defects, or local changes in the resis- 
tivity of the material. 

I mprovement s in this test method were o"btained "by using 
lo\^ loss powdered iron in a highly insulating wax, and oper- 
ating at the highest frequency consistent with adequate pen- 
etration of eddy currents into the sheet under test.* A 
high coil "Q" was thus obtained, resulting in a sharp, high 
resonant peak in the low- re si stance circuit. By operating on 
the steep slope of the resonance curve (fig. 22), maximum sen- 
sitivity to sheet- r e si st ivity conditions is obtained. 3y 

^Frequencies of 5,000 to 30,000 cycles were found useful 
with sheet thicknesses varying from 0.181 inch to 0.016 inch. 
Example: For 0.064-inch sheet, L = 34 millihenries, 
C = 0.0025 iJif, f = 17,000 gave a change from 24 to 100 volt 
across condenser when coil assem.bly was lifted off sheet. 



28 



NACA TN No. 945 



including the coil or capacity in one leg of an alternating- 
current iDridge, the indicator may he set to zero v/hen the 
coil is in position ahove normal sound sheet material, and 
vary its indication only when the coil is over cracks and 
unsound sheet material. By using concentric poles, the eddy- 
current path may he confined to a narrow ring, eliminating 
effects of adjacent edges, holes, and welds not under test. 

Advantages of this test method are: (l) Access is re- 
quired to only one side of the sheet; (2) Fo sheet prepara- 
tion or cleaning is required, and no electrical contacts are 
made with . the sheet; (3) Measurements may "be made through 
paint or insulating coatings without damage or puncture; (4) 
No probes or low-energy indicating circuits are used - hence 
no difficulties due to contact resistance, thermal electro- 
motive forces, inductive pickup, high-gain amplifiers or 
sensitive meters are encountered; (5) Wide flexibility, due 
to choice of frequency, geometry of pole assembly, and sharp- 
ness of tuning, can be obtained in applications; (6) The eddy- 
current pattern is ideal for the detection of radial cracks 
in spot welds; and (?) The device serves effectively as a 
thickness or alloy detector for conducting sheets. 

Pi sadvan t age s of this method are: (l) Only eddy currents 
flowing in planes parallel to the sheet surface can be estab- 
lished readily; so bonding at the faying surface is not meas- 
ured (thus spot^weld static shear strength cannot be meas- 
ured); (2) Variations in the air gap betv/een pole pieces and 
sheet surface have a large effect upon indications; (3) In- 
dentations and variations in sheet thickness affect indica- 
tions; (4) The exact geometry of cracks and porous defects 
cannot be determined. 

2 . Transf or mer-J oad ing induction te s t modified for la.v 
.j oints^ . A modification of the simple transformer-loading 
test makes possible the induction of eddy currents which flow 
normally through the weld bond at the faying surface, if a 
return path can be provided. An exciting coil with concen- 
tric cores is designed to fit over the lap joint, as shown in 
figure 23. Frequency is adjusted so that eddy currents are 
not induced in significant amounts at a depth greater than 
1— sheet thickness. If the exciting coil is placed on the 
lap joint between two spot welds, the eddy currents flowing 
beneath the turns of the exciting coil (between the inner and 
outer magnetic poles) tend to follow a path through the upper 
sheet, down through one weld to the lower sheet, and return 
through the second weld. Small bonded areas at the welds 
tend to introduce resistance into the eddy-current path;. 
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while vjith no conducting bond at the welds, a very high re- 
sistance is introduced. These conditions are reflected in 
the resonant primary circuit and indicated "by a vacuum tube 
voltmeter . 

Inherent errors in this test method make it practically 
worthless for spot- weld inspections. These errors include 
(l) all the inherent errors listed for the two-side direct- 
current test; (3) large errors due to edge effects, holes, 
rivets, and the irregular spacing betv/een adjacent spot 
welds; (3) an error due to variations in overlap and in the 
distance of the weld from the lap edge of the sheet; (4) 
errors resulting from effects of v;elds in the return path 
(at least two welds affect each indication). The location 
of the spot welds with respect to the lap joint has a greater 
effect upon indications than does weld size or quality. 

3 . P ickup>-coil eddy-current tests^ In these tests, 
eddy currents are induced in the sheets under test "by cur- 
rents in exciting coils, and variations in the eddy-current 
pattern are detected "by sensitive pickup coils connected 
through high-gain amplifiers to suitable indicators. (See 
reference 12.) In many designs, the pickup coils measure 
only the departvire of the eddy-current pattern from the pat- 
tern in a uniform sheet. Several tyi^ical pickup units are 
shown in figure 24. 

Pic kup unit A^ has an exciting coil and concentric poles 
similar to those described for the transformer induction test. 
In addition, however, a sensitive magnetic pickup system is 
symmetrically located within the center leg of the core. The 
two poles of the pickup are slightly displaced from each 
other. The pickup coil is shielded from the magnetic field 
of the exciting coil. Vfith the normal circular flow of eddy 
currents established in sound continuous conducting sheet by 
the exciting coil, no magnetic flux variations occur in" the 
core of the pickup coil. When the coil is placed over a 
crack or discontinuity, however, the modified eddy- current 
pattern produces an alternating magnetic field through the 
pickup coil. (See fig. 25.) 

Pickup unit was specifically designed in the Naval 
Research Laboratory for use in testing spot welds, with the 
hope that a sizable component of eddy-current flow might be 
established across the faying surface into the lower sheet 
at the weld, producing ah unbalance current in the pickup. 
The frame on which the coils are wound is made of transformer 
laminations. The magnetic field of the exciting coils is 
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additive so that the outer pole faces are of opposite mag- 
netic polarity. An exciting frequency of 1000 cycles was 
used. Analysis of eddy- curr ent patterns shows that if the 
weld is cracked or porous, or if eddy currents do flow "below 
the faying plane through the weld "bond, a pickup due to un- 
balance will result if the weld is unsymmet ri cally located 
with respect to the «center pole on which the pickup coil is 
located. Scanning is required to obtain maximum information 
concerning a weld. 

Naval Research Laboratory tests of this unit indicated: 

1, This eddy-current method is not satisfactory for the 
detection of the quality of fusion between the two welded 
sheet s • 

2. The effect of porosity or cracks on the detector was 
such as to overshadow all other effects. This makes possi- 
ble the detection of cracks or porosity with little diffi- 
culty. 

Tests at the California Institute of Technology on sim- 
ilar units confirm these results. 

f 

Pickup unit C*^ v;as designed at the Lockheed Aircraft 
Corporation for use in testing spot welds. Large blocks of 
copper conductor were employed to force the magnetic field 
of the excit ing . coil s into the v/elded sheet. Despite sever- 
al modifications, the difficulty in establishing a sufficient 
eddy-current flow normal to the faying plane at the weld pre- 
vented successful measurement of the area of fusion at the 
weld. 

In general, research has shown the pickup-coil eddy-cur- 
rent tests to be subject' to the limitations and inherent er- 
rors previously listed for eddy-current tests. No successful 
method has been devised for measuring the bonded area at the 
faying plane through the use of eddy currents. 



D. Thermal Test Methods. 

Thermal- test methods involve the flow of heat through 
the weld region and the measurement of resultant temperatures 
or temperature gradients. The presence of the v;eld modifies 
the heat- flow pattern in an unwelded sheet: 



1. B-eometri cally , since heat tends to flow normally 
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across the faying plane through the weld to the opposite 
sheet and so possibly measures v/eld-nugget diameter; and 

2. Through its variable heat conductivity (if differ- 
ences in conductivity do exist in various regions of the 
v/eld) and'the presence of cracks and porosity. Heat capac- 
ity of the region under test affects the transient tempera- 
t'^ure response only, 

Advant ag:e s - Heat- flow methods 
one-side testing, as well as to two 
paths' are necessary. Heat flow may 
eter at faying surface. 

Di sadvant a,g:e s »-- Owingt o heat- capaci ty effects, heat- flow 
methods cannot "be instantaneous and usually are slow tests. 
Ambient temperature, .surface thermal contact resistance, size 
of parts welded, original temperature of work, presence of 
cracks, nature of heating and method of temperature measure- 
ment - all change resultant temperatures and tend to invali- 
date readings. Thermocouples to measure temperature have 
small energy output, give slow readings and require sensitive 
indicators. Although heat-flow indications respond to v;eld 
cracking and porosity, they do not differentiate sufficiently 
between the cast-alloy nugget and the parent metal to measure 
nugget geometry. Also, heat-flow tests fail to differentiate 
betv/een cast-alloy bonding and alclad bonding at the faying 
surface^ so the static shear strength of vrelds is not accu- 
rately measured. 

1- Heat -r e serv oir thermal test ^.- A copper heat reser- 
voir (similar to a massive soldering iron) with two contact 
lugs carrying imbedded thermocouples (fig. 26) is heated to 
a temperature considerably above that of the weld to be tes- 
ted. One lug is placed in contact with the sheet surface 
above the weld, and heat flows into the weld region by con- 
duction. If a weld is present, heat flo\\rs through the bonded 
area of the faying plane to the lower sheet, and the total 
rate of heat flow from the reservoir is greater fhan when the 
weld is absent, for in the latter case only the^'upper sheet 
conducts heat away from the reservoir. The drop in tempera- 
ture recorded by the thermocouple imbedded in the'-lug in con- 
tact with the sheet is a measure of the rate of * heat ""'f 1 c3w 
from the reservoir to the sheet. The thermocouple imbedded 
in the second lug through which no heat flows .measiires • the 
temperature of the reservoir. A sensitive galvanometer is 
employed to measure the differential output of the thermo- 
couple s . 



are readily adaptable to 
-side testing. No return 
measure total weld diam- 
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Precaut i ons to "be observed in making this test are: 

1. The heat- source lug must he accurately located ahove 
the weld, and must make contact with the same sheet area on 
each we^.d tested. (Variation in. the shape of the electrode 
indentation makes this very difficult. in practice,) 

2. The sheets to he tested should not vary widely in 
temperature and should preferably he at amhient temperature. 

3. The. ambient air must he still - a slight draft 
changes indications far more than the presence of a weld. 

Inherent errors in this test method, identical with 
those listed for the two^side direct-current test, exist. 

1\ In addition, a very large error results from varia- 
tions in the thermal contact resistance at the sheet surface 
where heat is being introduced, due both to changes in 'con- 
tact area and to surface films of variable nature . 

2. Changes in ambient temperature or air velocity, and 
in material temperature, affect indications greatly. 

3. Progressive heating of the work as successive welds 
are tested changes indications, even on identical welds. 

4. The presence of adjacent ^//elds, rivets, edges,, masses 
of metal, holes in the sheet, "spit" or expulsion of metal 
from the weld region - all result in erroneous indications. 

Improvement s on this test method were obtained by fol- 
lowing the listed precautions, by insulating the heat reser- 
voir and lugs from the ambient air, by cleaning the sheets 
and lugs and removing oxide before each test, by holding the 
unit on the' sheet surface under controlled pressure a fixed 
period of tame, and by working in a small closed room v/ith 
work at room temperature . This latter item required a delay 
between weld measurements,- the time being used for cooling 
and cleaning -the -sheet' over the next weld v;ith acetone. 

Advantages of the heat- re servo ir thermal test 'are: 
(a) Access is requi-red to only one side of the work; (b) The 
he-ater- and temperature indicator may be in a singl.e unit re- 
quiring only one- application; and (c) !To marking of or damage 
to welds results. 



•Pi sadvaAt ag:e s of this t-est include: (a) its inherent 
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errors, (Td) its sensitivity to ain"bient-air conditions, (c) 
the difficulty of obtaining uniform thermal contact with the 
sheet surface, and (d) its inability to indicate weld static 
shear strength . 

2. Induction heating tests ^^^.- In these tests heat is 
suppl i ed rapidly to a small area of the alclad sheet directly 
above the weld, at a measured rate or in fixed amount, by 
modified industrial induction surface hardening equipment. 
The frequency is chosen sufficiently high to limit the pene- 
tration of the heat-producing eddy currents to a thin layer 
at the sheet surface. Thus thermal contact resistances be- 
tween heat source and sheet are eliminated as variables, and 
the rate and amount of heat production are controlled. When 
a large area of weld bonding is present, a large fraction of 
the generated heat flows normally across the faying plane 
into the lower sheet. With no weld bonding, all the heat 
must flow away in the .upp^r sheet. (See fig. 27.) Thus the 
heat flow is sensitive to the area of bonding. 

Por one-side- testing, the temperature indicator must lie 
under the induction heater on the same surface of the work - 
hence must not be affected by the high-frequency 'field . Only 
a carefully shielded thermocouple would be suitable. . However, 
by closing the thermocouple circuit to its indicating galva- 
nometer only after the high-frequency field is turned off, 
the cooling transient of the sheet surface may be recorded, 
provided the galvanometer responds with sufficient rapi'dity. 
Some success has been attained by the use of a thin layer of 
wax* or trher moplastic in the sheet' surface, by observi-ng the 
diameter of the s of t ened, melted areavhich results when the 
controlled quantity of heat is 'generated above the weld. 

For two-side testing, the indicator is placed on the 
side of the work- opposite the weld where it is not -affected 
by the high- freque^ay- field . ^^In' this' case, the heat which 
reaches the. tcmpeirature indicator must flow through the weld 
at the faying plane. The entire heating and cooling transient 
for the controlled heat generation cycle can be observed 
with great sensit iv.ity 't-o- the size of the' bonded area: Both 
thermocouple and wax- film indicators have proved to be effec- 
tive . 



*Suitablo calibrated wax temperature indicators are com- 
mercially available from the Fisher Scientific Co., 
Pittsburgh, Penna., in the form of Tcmpilstiks and Tempil 
Pellets. 
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The most convenient form of thermocouple indicator devel- 
oped for this purpose consists of a low- thermal- capacity ther- 
mocouple supported against the sheet surface "by a small rubber 
suction cup. The inner surface of the cup is coated with a 
heat- reflect ing surface thermally insulated from the rubber, 
and the suction cup excludes the ambient air - hence despite 
sheet- surf ace condition, the thermocouple follows the sheet 
temperature closely. The second Junction is similarly at- 
tached to the sheet at a remote point, so that only tempera- 
ture differences due to the heating of the weld region are 
measured. Both Junctions are q.uickly and easily attached to 
any point of the sheet surface by means of the suction cups, 
and may be pulled off and moved at will. 

The laboratory wax-film indicator consists of a thin 
layer of parawax or thermoplastic material placed on the sheet 
surface. When cool and hard, a dry, colored powder or dye is 
sprinkled over the wax. When heat generated in the opposite 
sheet at the weld flows through the weld in sufficient quan- 
tity, the wax above the bonded area melts, and in this region 
the powder becomes imbedded. A complete Joint may be tested 
at one time, and a permanent record obtained by subsequently 
placing a strip of Scotch tape over the line of welds. The 
tape picks up the powder over all areas except where the wax 
has melted and imbedded the powder. For practical use. 
"Templest iks" may be used as temperature indicators. Large 
welds, small welds, and no bond whatever are readily discrim- 
inated from one another by the extent of melting of the wax. 

Precautions to be observed in using the induction test 

are : 

1. The induction heating unit must be accurately located 
above the weld. The temperature indicator must be equally 
accurately located, as the temperature gradient in the plane 
of the sheet is quite larger. 

2. The rate and amount of heat generation must be pre- 
cisely controlled by synchronous or electronic timing units, 
if bonded area is to be determined accurately from tempera- 
ture indications. 

3. Ambient air should be quiescent. No condensed mois- 
ture should be present on the structure. All parts of the 
joint should be approximately at room temperature. 

Inherent errors in this test method are similar to those 
listed for the heat -r e servoir test, save that errors due to 
contact resistance are eliminated. 
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Advantage s of the induct i on- heat ing method are: (a) Ihe 
test may be made vrith access to either one or "both surfaces 
of the work; ("b) The method measures total "bonded area relia- 
bly, and permanent records can he easily produced;, and (c) 
Contact thermal resistances are eliminated as variables. 

Pi sadvant age s are: (a) Finite heating times (a few sec- 
onds) are required;, (b) Careful positioning and control of 
ambient conditions is necessary;, (c) Spot-weld shear strength 
is not measured reliably;, and (d) Adjacent welds, edges, 
holes, and massed of metal introduce large errors. 

3. Radiant heating tests ^^^.- In these thermal tests, 
heat is supplied to the surface of the welded sheet by radia- 
tion, as from a concentrated heat lamp and focusing system. 
The sheet surface must be cleaned or painted to obtain uni- 
form heat absorp^tion over the test area. Thermocouples may 
be used on the one^side test if shielded from direct radia- 
tion, wi thout. int ernal heating effects present with induction 
heating methods. The method is slow and is subject to the 
previously listed errors of thermal tests. Temperature indi- 
cations are obtained as in the induction heating test, when 
the indicator is on the opposite side of the weld from the 
radiant heat source. 

4 . C ont act- dr op- heating test One condition has been 

found in which electric current flowing from pointed elec- 
trodes into alclad sheet produces a contact drop of potential 
approximately constant at about 0.2volt for currents from 
20 to 90 amperes direct current, releasing considerable heat 
at the point of contact. This is equivalent to a point source 
of heat, and the rate of temperature rise per watt of energy 
input would be affected by weld presence. This method is es- 
pecially suitable for use with wax- t emper at ur e indicators, 
either in one- or two-side test, although thermocouples may be 
used . 

5. Differential heating tests^''^^ - In methods 2, 3, and 
4, effects of weld presence could be increased, and the ef- 
fects of variable ambient conditions reduced by the heating 
of tv;o areas, one over the weld and one not over the weld, 
under identical conditions, and measuring the differential 
temperature of the two regions by a thermocouple system. Be- 
cause of the duplication of heating equipment required, this 
modification has not been investigated in this re.sear(:?h. 
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E, Sonic and Vi"bration Tests 

Sonic and vibration tests are usually of three "basic 
forms: measurements of vibration damping; measurements of 
Vave reflections; measurements of the natural frequencies of 
os-cillat ions . Each type has been proposed for the nondestruc- 
tive testing of spot welds in aluminum alloy sheets. 

Sonic and vi\?ration tests, by their very nature, are 
mofe easily appli ed to pieces of fixed size and shape, to de- 
tect material properties and defects, than to structures of 
irregular and variable shape. Spot-welded structures offer a 
less promising field of application because of their complex 
shapes, which affect test indications considerably. Hence 
care must be taken to avoid the development of test procedures 
which cannot be reduced to practical forms applicable to spot 
welds . 

1. Vibration damipihg tests .- One form of vibration or 
damping test proposed for spot-weld testing employs a driver 
to establish oscillations of adjustable frequency in the weld 
region and a detector to measure the resultant amplitude. 
For sonic and lower frequencies, a coupled electromagnetic- 
mechanical transducer (similar to the driving units of loud 
speakers) is employed as driver, while for supersonic, 
magnet 0- strict i on or quartz crystals are used.* Power is 
supplied from variable frequency oscillators to these driving 
units. Detectors for measuring the resultant vibration am- 
plitude usually consist of a pi e z o- ele ct r i c pickup or other 
microphonic device, connected through suitable vacuum tube 
amplifiers to indicating instruments. (See fig. 28.) 

The damping can be determined for a system of any shape, 
provided it can vibrate. In one method of measurement, con- 
stant energy is supplied the driver at varying frequency, to 
obtain in the detector a resonance curve (fig. 29) showing 
the amplitude of vibration as frequency is varied thrbugh one 
of the^natural frequencies of the system. Theory indicates 
that the mechanical damping of resonance curves can' be read- 
ily determined from their breadth. If Af represents the 
breadth of the resonance curve at half the maximum amplitude, 
then the damping 6 is given by 



^Magnet o-stri ct i on generators are useful from about 
8,000 to 50,000 cycles, and quartz crystal gener at or s .ar e 
useful at higher frequencies. 
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6 = 1.814 



^ fx 
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0s 
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where the resonant frequency f 
ence of the half amplitude points, 
cycles or vibrations per second. 



and the frequency differ- 
Afij are measured in 

2 



A second method of measuring damping requires that os- 
cillations be established, then be allowed to die out by dis- 
connecting the driver. If the amplitude of successive vibra- 
tions are observed by the use of a cathode ray oscillograph 
or equivalent, the damping may be determined as 



6 = In, 



'n4-i 



where Aj^ and -^n-hi consecutive amplitudes of the 

free vibration. Where the frequency is too high or too small 
to make possible this measurement, the damping may be deter- 
mined from the time required for the amplitude of the reso- 
nant oscillation to fall to one-half its original value, by 
the relation 

6 = 0.693 
H ^res 



This time 



or even the product tl fres» deter- 



mined directly by the use of electron tube indicators, even 
with very high frequency oscillations. (See reference 13.) 

In bars of fixed geometry, faults Of any kind in the ma- 
terial combine to raise the damping, so that cavities, cracks, 
and porosity are easily determined. In spot welds,. large 
differences of geometry may exist, in addition to possible 
cracks or porosity, and cast and wrought alloy, as well as 
pure aluminum cladding, are present simultaneously. The soft 
nugget material tends to increase damping', and a change in 
nugget volume could not be differentiated in tests from the 
introduction of cracking. Preliminary tests showed damping 
indications to depend upon too many weld properties to serve 
as a reliable indicator of spot-weld properties. Further de- 
velopment of the method was postponed while simpler test 
methods were exploited. 



2 . Vave- reflection tests 



(i) 



It has been proposed that 



the area of bonding of spot welds might be measured by 
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supersonic waves, which would reflect from the faying surface 
of unbonded regions, "but would pass through the faying sur- 
face at the v/eld bond. For one— side test methods, the pres- 
ence of "bonding might be detected through (a) the frequency 
at which standing waves (half-wave resonance) could be estab- 
lished between the oscillator and reflecting surface, or (b) 
the time req_uired for a wave train to pass from the sender to 
the reflecting surface and return. (See fig. 30.) 

A fine development of supersonic testing equipment has 
been carried out by Professor A. Firestone of the 
University of Michigan. His equipment produces three wave 
types - longitudinal, shear, and surface - and provides suit- 
able detection and recording equipment. Using his Supersonic 
Reflect 0 scope , Professor Firestone has distinguished a spot 
which is welded from one which is not bonded as follows 
(quoted from a letter from Professor Firestone). 

"A v/ave train of longitudinal waves is sent in at the 
upper face of the weld. The weld assembly is so thin that 
the first reflection from the other side of it cannot be dis- 
tinguished, but the waves reverberate back and forth through 
the thickness of the weld assembly while the total distance 
of their travel back and forth may be several inches. Their 
successive impingement on the crystal generates a voltage 
which ca.n be observed on the r ef lect oscope screen several 
inches after the sending out of the wave train. If, now, 
one holds his oily finger against the bottom face of the 
weld, these successive reflections will be damped out, there- 
by proving that the waves are iBally passing through to the 
bottom face and that there is, therefore, a weld. 

"If there is no weld, a similar series of successive 
reflections is observed, but upon touching the oily finger 
to the bottom face of the weld there is no change in the ap- 
pearance of the r ef lect ogram, thereby proving that the waves 
are not entering the lower plate. Thus far, the method is 
not quantitative, but merely all or none. 

"One can imagine improvements in the method as the re- 
sult of research which would improve its usefulness. The 
above-mentioned tests were made with 5-megacycle longitudinal 
waves, but we have produced as high as 20 megacycles and we 
have also produced shear waves which travel half as fast as 
longitudinal waves so that this represents a factor of 8 re- 
duction in wave length. VJith these shorter vrave lengths it 
might be possible to actually explore over the surface of the 
weld and thereby determine the actual welded areas. This 
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would l3e particularly feasible on the heavier gages where the 
weld is comparatively large. 

"One can imagine sending comparatively powerful continu- 
ous waves through the weld and have the back side coated with 
something like paraffin which would he melted in those areas 
where the wave energy was being r eceived and would thereby 
outline the welded area. 

"We have. used longitudinal or shear waves for the accu- 
rate measurement of the thickness of a sheet when one side 
is inacce ssible . using the general method of establishing a 
half-wave resonance through the thickness of the plate and 
then determining the frequency. This method might be applied 
to weld testing since, if there is no. 'weld under the area 
being tested, the thickness thus indi cat e d would be approxi- 
mately that of one she.et , while if the weld exists the thick- 
ness is approximately that of t.wo sheets. 

"We can also produce surface waves which run over the 
surface of a metal part in much the same way that water waves 
travel. Surface waves could be sent along the lower face of 
the upper plate and reflect i on obtained from the closest point 
in the weld, even though that might be in the cladding." 

Present indications are that detection of the area of 
bonding of a spot weld at the faying surface might thus be 
feasible by supersonic testing, but the ability of supersonic 
tests to discriminate between cast-alloy bonding and alclad 
bonding has not yet been demonstrated. Likewise, there would 
probably be some difficulty in detecting weld nugget geometry 
by wave- reflect i on methods. Hence, for the inspection of 
spot welds, supersonic-reflection test indications seem to be 
limited to measurements of the total bonded area at the fay- 
ing surface. The two-side electrical test makes this measure- 
ment with simple testing equipment, and since this measurement 
alone is not a reliable indi cat i on; of -spot-weld strength, no 
elaborate development of supersonic test equipment has been 
included in this research program. 

3. Kugget oscillation tests .- Assuming an ideal homoge- 
neous weld nugget of flattened spheroidal shape, enclosed 
within a homogenous mass of harder, tempered parent metal 
with physical properties different from those of the weld 
nugget, the frequency of natural oscillations of the weld 
nugget may be calculated. It has. been proposed to excite 
such nugget oscillations by means of a quartz crystal coupled 
to the sheet surface, as by an oil drop, and after a fixed 
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excitation period, to use the same crystal as a detector to 
observe the damping of the free oscillation. Correlations 
between natural frequency and nugget size, and betv/een damp- 
ing and ductility, cracking, and porosity have been predicted. 

This test has not seemed sufficiently feasible to Justi- 
fy development. Weld nuggets are of very irregular shape 
and have internal inhomogenei t i e s and defects. Weld nugget- 
volume does not measure weld strength precisely. The differ- 
ence between nugget and parent metal properties is not suf- 
ficient to provide an effective discontinuity to the flow of 
vibration energy. The natural frequency of nugget oscilla- 
tions would be extremely high. Effects of adjacent material 
and sheet geometry might affect test indications excessively. 
Simpler test methods offer more promise. 

4. Ultra- sonic wave- - pattern test This test differs 
from those previously outlined in the method of application 
of the. energy source and in the method of pickup. A moder- 
ately high ultrasonic frequency has been used (about 1,000,000 
vibrations per second) to obtain high resolving pov/er by the 
sound waves. The sound is transmitted from an ultrasonic 
generator to the sheet surface below a spot weld by an anvil 
and the vibrations travel through the weld to the upper sheet 
surface. If oil or other liquids are placed thereon, radial 
circles centered over the weld will be observed. These are 
standing wave patterns the ' c onf igur at i ons of which may indi- 
cate the bonded area of the weld. By the substitution of a 
material such as collodion for the indicating oil, a perma- 
nent record of the weld has been obtained. The results so 
far obtained on this test are not conclusive but the method 
shows promise and should receive further consideration and 
investigation. 

Adv an tage s . - The weld geometry probably can be deter- 
mined from this test, through the analysis of the wave- 
patterns produced. Obviously if little or no mechanical 
coupling exists between the upper and the lower sheets at the 
weld, bonding at the faying plane is lacking and resulting 
patterns differ from those denot ing. sat i sf act ory bonding 
condi t ions. 

Pi sadvant ag:e s of this test method are: (l) The equipment 
necessary to provide the test is rather elaborate, and in- 
cludes an oscillator capable of supplying about 1 kilowatt of 
radio-frequency power to the ultrasonic generator, which in 
turn has auxiliary equipment necessary for continuous opera- 
tion. This auxiliary equipment is somewhat compensated for 
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by the stable and reliable operation secured. (2) Training 
is required for one unskilled in this method of testing reli- 
ably to interpret patterns in terms of weld quality. (3) 
Errors may result from possible dispersion effects and varia- 
tion in treatment and/or composition of material to be exam- 
ined. (4) The coupling anvil should be properly centered on 
the bottom indentation to secure uniform mechanical coupling, 
and anvil contours should fit those of the weld indentation. 



F. , Sheet- Sur face and Hat er i al- Pr oper t y Tests 

It has been . sugge st ed- t hat spot-weld properties might be 
correlated with conditions measured at or near the sheet sur- 
face above the v/eld. Properties included are: sheet surface- 
indentation by. welder electrodes, measurement of surface 
marks or condition, thickness of alclad layer, toughness, 
ductility, elasticity, impact resistance, scratch or tear re- 
sistance, and metallurgical structure at various depths from 
the sheet surface at the weld. 

1. Welder- electrode indentation tests ^^^.- Indentation 
of the surface of the alclad sheet by the welder electrode is 
a function of electrode size and shape, weld current and tem- 
perature transients, pressure program, and sheet properties. 
With reasonable control of current-wave shape and electrode^ 
tip contour, and precise control of timing and amplitude of 
the tip pressure, the sheet indentation will correlate well 
with v/eld-nugget size. The larger the volume of melted alloy, 
the greater the indentation caused by the tips, provided the 
pressure program is precisely controlled and sufficient hold- 
down pressure is exerted to prevent expulsion of metal at the 
faying plane. 

The sheet indentation may most easily be measured through 
the use of a sensitive dial gage- graduat ed^ in 0.0001- inch 
units, provided with a suitable collar to'resion the sheet 
surface just outside the indentation. Eddy- current or elec- 
trical-capacitance gages may be employed, and provided with 
permanent record devices if desired. 

Inherent errors in this test method result from normal 
production conditions, to an extent sufficient to invalidate 
the test. Large changes in electrode shape and contour pro- 
duce correspondingly large changes in indentation, although 
the effect of repeated tip cleaning in a few hours' run on 
one set of tips is not extensive. Changes in tip pressure, 
or in forge pressure time delay, change indentat i on great ly . 
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The- ease with which tip pre.s sure and. contour may he changed 
in pr odu,ct i on' weldi,ng. would prevent this test from attaining 
reliahiiity. 

As .control, of welding conditions improves, tip shape 
and. pres.sure. pr.ogram. will he more precisely co-ntrolled, in 
which, case" th.e validity of the tip indentation, test v;ill im- 
prove. (See fig. 31. for results of indentation measurements 
on industrially made welds.) 

2. Sh.e.et- surface -property tests .- No measurements of 
physical properties' of the sheet- sur face layers have fehown 
any- c orr-elat i o.n with weld size or quality. Marking or thick- 
ness of the .alclad layer has no significance whatever* The 
structure, and mi.et allurgical properties of the 24S-T alloy are 
ver.y little affected except in the weld nugget and narrow 
adjacent regions, where incipient melting along grain hounda- 
ries. and intrusion of eutectic occur. Only measurements of 
properties in and adjacent to the weld nugget correlate with 
weld strength and quality. Superficial surface tests measure 
nothing significant except vrhen the weld nuggets penetrate to 
the sheet- surface (excessive penetration). 



G. Impre'ssor or Penetrator Tests 

I.n these testes .a loaded penetrator or group of penetra- 
tor s is fo..rc.ed Into the welded sheet ahove and/or below the 
spot weld to such a distance that properties and extent of 
the softened cast alloy of the we.ld nugjget > rather than of 
the. tempered parent metal, determine the depth of penetration . 
Any other .t.ype^ of penetrator or hardness test has little sig- 
nificance. It has "been found that the tempered parent metal 
is reasonably homogeneous except in a narrow zone adjacent to 
.the .v/eld nugget where incipient melting and intrusion of 
eutectic occur along grain boundaries, while on the other 
hand the entire volume of the weld nugget has been very ap- 
.preciably softened. Hence penetrator tests measure weld-' 
..nu gge t - ge omet'r y ■ By ' pr of i li ng the weld r egi on wi th suit able 
penet rat or s , the shape of the weld nugget can be ma-pped ' 
quite accurately. ... . ."i • • 

■ , Althgugh properly applied penetrat or *te st s'- can measure 
weld-niigget geometry reliably , it 'must be noted that measure- 
ments f r 6m . the ' out er sur f ace ofthewelded sheet- measure only 
the geoihetry of the outer boundary of t he - nugget - in"- the sheet 
under test.' The nature of the bond at t hie f ay ing' sur f ac e , 
. par t i cularly v/her e excessive alclad inclusions exist, is not 
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m'easured in this test. The geometry of the nugget in the op- 
p.osite sheet is not determined "by penetrator tests on only 
one side of the weld,' 

Inherent errors in penetrator tests result from (l) in- 
homovf^enei t ies in the. composition and heat treatment of the 
parent sheet, (2) variations in the thickness of the cladding 
layer of pure aluminum, (3) insensitiveness with weld nuggets 
of low penetration "because of the thick layer of parent metal 
through which the penetration test must measure nugget geom- 
etry. 

Advant age s of properly conducted penetrator tests are: 

(1) The method is feasible for either one— or two-side testing; 

(2) The test actually measures nugget geometry (nugget diam- 
eter is the single weld parameter which correlates reliably 
with the static shear strength of spot welds);, (3) Indications 
are' nearly instantaneous. 

Pi sadvant age s of penetrator tests are: (l) The test be- 
comes insensitive with thin nuggets; (2) Conditions at the fay- 
ing plane are not measured. 

1. One-side> one-T)oint penetrator test ^.- In this test, 
a single penetrator is forced into the sheet surface above 
the center of a spot weld, in a manner similar to ordinary 
hardness testing, but applied in this case to a nonhomogene- 
ous structure. The change. in penetration between the appli- 
cation of a pre^-load (sufficient to force the penetrator 
through local surface regions) and application of. full load 
(sufficient to force the penetrator into a region where the 
v;eld nugget affects penetration) is measured by . a sensitive 
dial gage. The one-point measurement tends to. measure nugget 
penetration at the center of the weld. (See fig. 32.) Nug- 
get penetration is indirectly correlated v/ith nugget volume 
and diameter, for welds made with similar electrodes under 
similar welding c ondi t i on s . Hence the one-ppint -penetrat or 
test predicts weld strength only through a chain of correla- 
tions with weld-nugget diameter. 

Precaut i ons to be observed in applying the one-point 
penetrator test are: (l) The penetrator must be very carefully 
located over the center of the weld nugget; '. (2.) The shape 
and size of the penetrator must be fixed and constant; (3) 
The conditions of loading must be controlled accurately; (4) 
Tests must be made on welds all of which have been made with 
identical welder tip size and contour, and on the side of the 
sheet which was in contact with a particular electrode tip. 
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I nherent errors of this method include: (l) .errors due 
to the lack of a reliable correlation hetv/een nugget diameter 
and nugget thickness, (2) errors due to un symme t r i cal ly 
shaped nuggets or nuggets the centers of v/hich are displaced 
from the faying plane, (o) errors due to inaccurate posi- 
tioning. 

A dvant a!g:e s of this method have "been listed under pene- 
trator tests. Standard har dne s s- t e st i ng machines may "be used 
if desired. This test requires access t: o cnl^^ one side of 
the vrork. 

Di sadvant a^e s of this te^t are: (l) its relative unre- 
liability, due to its indirect- correlation; with veld- nugget 
•diameter, and (2) its inherent errors. 

Tyni cal re suit s of one- side, one-point, -penetrator tests 
made on industrially made spot v.^elds with a Rockvrell Standard 
Hardness Testing machine as penetrator are shown in figure 33. 

2 . Simult ane ous two- side , o ne-point Denetrator tests . - 

This test method differs from the one-side, one-point test 
only in that simultaneous penetration tests from both sheet 
surfaces are made on the weld. This test has the slight ad- 
vantage of checking symmetry with respect to the faying plane, 
and of detecting welds with nearly all the weld nugget on one 
side only of the Taying plane. However, i.t requires access 
to both sides of thev/ork. 

^« Penetrator. -pl^ofile tests^ .- The penet rat or- -^r of ile 
test is the most reliable method of determining weld- nugget 
diameter, shape, and penetration. In this test a suitably 
loaded penetrator carries ou.t a succession of measurements 
over the sheet surface and/or below the spot weld. The shape 
of the" nugget along any/section can be determined by penetra- 
tor- profile measurements along a line over that section. 
(See fig. 34 for characteristic penetrator profiles of spot 
welds in O.C64-inch 24S-T alc.lad sheet.) Increased sensitiv- 
ity to weld-nugget geometry is obtained wi t h . pene tr at or pr o- 
file tests as sheet thickness is decreased. ?rom penetrator- 
prof.ile measurements, nugget size, shape,,, and thickness can 
be determined. Instead of a succession of p oint pene t rat i on 
measurements, a continuous profile by a rolling sphe^re or 
wheel following a linear or spiral path may be used. Simul- 
taneous two-side perie'tration profile testing is feasible 
under some c ondi t'r ons 

Precautions ; 'Cl) The single- point penetrations must be 
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spaced sufficiently far apart to "be independent of effects of 
preceding penetrations. (2) Rolling profile units must be 
\very .rigidly mounted to avoid deflection due to the large 
forces .required to move them over the work. (3) Resultant 
gro"ov6s must not cause a "notch effect" to weaken the welded 
joint. (4) Sensitive measur ements wit h respect to the sheet 
aurface, accurate to nearly l/lOOOO inch, are required. 

Advant afi\e s of T^enetrator "orofile measurements lie in 
their conplete mapping of we Id- nugget geometry. 

Pi sadvant age s of penetrator profile measurements lie in 
'"'Xl) the complexity and accuracy reauired in suitable testing 
apparatus, (2) the time required for testing, (3) possible 
weakening of the joint by grooves. 

4 . Multip oint- o r r in,£:- p one t r at or tests^ These tests 
are designed to obtain the significant information of the 
profile tests, with simpler equipment. A direct measurement 
of nugget diameter is made by a suitable ring impressor or 
circle of point penetrators capable of determining whether or 
not the nugget lies under the circle of penetrators. (See 
figs. 38 to 46.) If the nugget is smaller than the penetrator 
circle, or has excessively lovr penetration (20 percent), the 
penet rat or s indicat e only parent metal to be present. If the 
nugget diameter approaches and passes that of the ring, pene- 
trator indications detect this change sensitively. All nug- 
gets of diameter much greater than the ring diameter, are re- 
corded as large nuggets. 7ot any sheet thickness, the range 
of very high test sensitivity can be matched to any chosen 
weld-nugget diameter by selection of the appropriate penetra- 
tor- ring diameter. One-side or simultaneous two-side testing 
is feasible. The accuracy of measurement of weld-nugget diam-- 
eter and of weld strength is nearly identical with the accu- 
racy with which weld strength and diameter can be correlated 
to the diameter observed by destructively sectioning the weld 
nugget . (Seefig.45.) 

Pr ecaut ions to be observed in applying ring-penet rat or 
tests include: (l) The penetrator assembly must be accurately 
centered over the weld nv.gget . (The fact that the nugget 
does not always lie directly under the indentation "dimple" 
on the sheet sur f ace int r oduce s the largest error in this 
measurement.)' (2) The size, shape, and arrangement of pene- 
trators must . remain, constant . (3) Effects of variations in 
sheet ' t emper ."must . be compensated.' 

Inherent errors are (l) an error of increasing magnitude 
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with decreasing nug^^et penetration, dixe to decreasing test 
sensitivity. With less than 20 percent nugget penetration, 
t.e St.- indi cat e s no nugget .. (However, alclad inclusions are 
usually. - excessive , and weld quality is 'very unrelia"ble vrith 
such thin nugget.s , v;hi ch are usually of irregular or "dough- 
nut" shape.) (2) Errors due to unusual variations in the 
temper oi"* parent metal. 

Advantage s of the r ing- penet rat or t e st include (l) the 
reliability and accuracy with v^hich nugget diameter is meas- 
ured, (2) the simplicity of testing and indicating eo^uipment , 
and (3) the direct, instantaneous indications of nugget si^e. 

D isadv an tages of this test include (l) its inherent er- 
rors, (2) its failure to measure conditions at the faying 
plane, such as extent of alclad bonding. Details of the de- 
velopment of equipment and the results o"f r ing^ penet rat or 
tests on a large number of industrially made spot welds are 
given in appendix A of this report. 

" E. X-Ray Tests 

In these tests, the welded sheet is exposed to low volt- 
age X-rays or Orentz rays (10 kvp to 50 >vp). Fine- grain 
radiographic film is placed close to the opposite side of 
the sheet (fig. 55) or a fluroscopic screen might be used for 
visual inspection. Small differences in image density may be 
obtained \inder ideal exposure conditions. The longer the 
wave length of. the jC-rays, the greater the. difference in den- 
sity of var i ouG ..regi ons of the image (reference 9) and the 
greater the exposure required. 

Sesultant radiographs are com-olex and must be inter- 
preted carefully. It is probable that under optimum condi- 
tions, radiographs will show (a) weld cracking and porosity, 
(b) nugg.et diameter, (c) area of alclad . bonding, (d) spitting, 
flashing, • and_expul si on of metal at the. faying plane. It is 
improbable that radi ographs will shov; the extent of alclad 
inclusion into the nugget or the nature or extent of the co- 
rona bending at the faying plane. 

Tests ..of equipment built b^^ the G-eneral iHJlectric X-Eay 
Corporation and tried at the Glenn L. Kartin Company in 
Baltimore, ..Kd„, as well as research at th.e- Taylor Winfield 
Company (reference 4) of ••/arren, Ohio, and- the Aluminum 
Company of America (reference 6). at New Kensington, Penna., 
indicate that the radiographic inspection of. spot welds on 
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fine-grain film- is proTDatly feasilDle. Most radiographers do 
not "believe fluoroscopic inspection of spot welds to "be fea- 
silile iDecause fluoroscopic screens in use today have a grain 
size some 10,000 times larger than fine-grain X-ray film, 
and "because image intensity differences are small. Ioniza- 
tion gage inspection is likewise considered very difficult 
"because of the complexity of spot-weld images, 

1.- Weld-outline test (reference 14) .- In this test, a 
fluid containing r ad i ogr aphi cal 1 y opaque materials is caused 
to penetrate l^etween the welded sheets at the faying plane. 
The penetrating qualities of the fluid cause it to cover the 
faying plane up to the very "boundaries of the "bonded zone at 
each weld. If the joint is now exposed to X-rays, while the 
image is recorded on X-ray film or viewed on a fluoroscopic 
screen, the welds appear as regions relatively transparent to 
X-rays surrounded "by much more opaque areas. The outline of 
the actual total bonded area of each weld is thus detected 
r eadily . 

Pr ecaut i ons to "be o"bserved in applying this test are: 
(l) The fluid carrying the radi ogr aphi cal ly opaque materials 
must not damage or corrode the aluminum sheet nor should the 
joint he spread in order to introduce the fluid;.- {2) Reason- 
ably constant radiographic density should "be ©"btai-ned outside 
the weld region; (3) The fluid must penetrat e t o the bound- 
ary of the bonded area of the weld, and into any interstices 
between bonded areas. 

Inherent errors may result if the fluid fails to pene- 
trate to the boundary of the bonded area at all points. The 
contribution of the corona bonding to weld strength is not 
necessarily measured. 

Advantage s of the method are:(l) The total area of bond- 
ing can be measured reliably; (2) Exposure conditions need 
not be precisely controlled; (3) Special fine-grain films are 
not necessary; (4) X-rays from standard industrial equipment 
(30 kvp to 150 kvp) may be applied. 

Di sadvantage s of the method are: (l) The inherent error 
listed; (2) The additional operations of flowing in the fluid 
before exposure and of cleaning the sheet after exposure-, (3) 
The added cost of film and delay ' of devel oping film, requir- 
ing identification of-welds; (4) A'possible hazard to inspec- 
tors if fluoroscopic visual inspection is employed, without 
"adequate pr e ciaut 1 on s ; (5) -Re iat i vely e lab or at e equipment and 
skilled operators are required. No ' exDerimental tests ^of 
this method were made in this research. 
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2. Radiographic t e st s (references 4, 6, 8, .9,.. and lO)^,- 
In these tests, the welds are- subjected to carefully con- 
trolled lov; voltage X-rays and- the weld . Image is recorded on 
fine-grain photographic f i Im placed "behi nd ' the welded joint. 
The. X-ray voltage should "be sta'biii25ed to ±1/4 kv . , and 
should' aslov; asfeasihle.-for adequate Radiographic con- 
trast. (Twelve kv . X-rays produce appreciably greater con- • 
trast than forty kv X-rays, reference 9.) The effective 
focal area of the tube should. be- small in comparison with 
the target film distance. An effective focal area 1 Sailli-' 
meter square with a 36- inch target to film-di stance has given 
acceptable definition v/ith standard industrial X-ray equip- 
ment. (See ref.arence 6.) The film should hav.e fine grain 
(Eastman Type M and Agfa Superay 3 have "been used success- 
fully), be wrapped only in photographic paper vith 1/16-inch 
lead backing behind the film, and be placed close to the weld. 
Two or three layers of X-ray" film can be used without appre- 
ciable loss in definition.; 

Exposure conditions must be precisely controlled to ob- 
tain optimum contrast-and definition. 

Procaut i ons t o be observed include: (l) The film must be 
wrapped only. in thih pa^per opaque to light but transparent to 
X-rays of low yoltagej (2.) Exposure conditions and film pro- 
cessing should be preciseljr .controlled; (3) Personnel should 
be protected from X-rays. 

Inherent errors include: (l) Srrors resulting from ina- 
bility of method to discriminate extent of alclad inclusion-' 
into the weld nugget. Such inclusion occurs frequently with 
thin, small weld nuggets, and lowers weld strength apprecia- 
bly; (2) Errors resulting from lack of definition in radio- 
. graphic images of spot welds with "thin weld nuggets; (3) 
Errors in interpretation of spot- weld radiographic images . 

Advant di^e s of the test include:-(l) Cracking, porosity, 
nugget diameter, and total bonded area are indicated, under 
optimum exposure conditions; (2) The weld is not damaged by 
the test; (3). The weld need not be 1 ocat ed pr eci sely ; (4) 
permanent records are obtained* 

■ Si sadvant age s include: ( 1 ) T he test requires access to 
•both sides of -.the weld; (2) L ong .^expo sur e s (4 to '30 min) are 
required wi th. ' standard radiographic equipment; (3) Film must 
be used,, involving added cost; (4) Delay *of developing takes 
tim6, requiTG's :ldent.ification of welds-, (5) Relatively 
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elal^orate equipment and skilled operators are required-; (6) 
Careful interpretation of radiographs is required. 

3. Fluoro s co pic-insp ection methods^ v- In these tests, 
the v/elds are subjected to carefully controlled X-rays and 
the. re suit ant images are viewed "by means of a fine-grain flu- 
oroscopic screen placed close to the welded sheet. Under 
optiraum conditions, images similar to those obtained with 
fine grain film might be expected. 

Hc^wever , available fluoroscopic screens are far too 
coarse-grained to obtain definition adequate for spot-weld 
ins-pection. Also the contrast between regions of the spot 
weld is too lov/ for easy fluoroscopic inspection. The method 
has yet to be proved feasible. 

Pr e caut i on s are: (l) The inspector must be protected 
from excessive X-ray exposure; (2) To obtain reliable results 
careful "dark adaptation" of the eyes (30 min in a completely 
darkened room) is required before inspection begins; (3) Lack 
of sensitivity or failure to indicate faults should not be 
taken as proof of v^eld quality. 

Adv ant a,^H:e s of the method include: (l) No film is re- 
quired;, so inspection cost is low;. (2) Results of inspection 
are available immediately; so no marking or identification 
of v;elds is needed; (3) Welds need not be located accurately 
for testing. 

Pi sadvantag:e s include: (l) A completely darkened room 
is needed for viewing the fluoroscopic screen; (2) Inspectors 
have time delays because of fatigue and time needed for dark 
..adaptation; (3) Access is required to both sides of the weld 
(4) special equipment is required for the protection of per- 
sonnel and support of specimen. 

ITo f luor oscor>i c testing has been included in this re- 
search. 

4. I oni zat i on.gage method* .- In this test, X-rays pass 
from the source through the welded sheets into a suitable 
ionization gage, which measures the quantity of X-rays pass- 
ing through the sheets at the weld. (See fig. 36.) The 
gage may make either an over-all measurement, or profile the 



♦This method is now under investigation by other re- 
search investigators. 
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weld regiGn to obtain fine detail of the X-ray image of the 
weld. T 0 - avoid '1 engthy exp 0 sure s exceedingl^r sensitive ioni- 
zation gages are reo^uired, particularly for profiling the 
wold . 

In herent errors include.- ( 1 ) Err or s. due to failure, to 
observe fine detail of weld in the over-all test; (2) Possi- 
ble effects of cracks and . p or o si t j^r; (3) Errors due to mis- 
alineraent of the actual weld.: nugget . and the ionization gage;^ 
(4) Errors due to excessive sheet indentation and other geo- 
metric fact or s • 

Advan t a(?:e s include: (l) Sesponse i p ■ immed.iat e , making 
marking or identification of welds unnecessary; (2) Indica- 
tions are independent of operator and could.be automatic in 
operation. 

Pi sad van t age s include: (1.) Access is required to both 
sides of the v;eld; (2) Careful locating of the weld is re- 
quired; (3) Cracking or excessive sheet .indentation may in- 
troduce erroneous indication. ..; • • . . 

No devel opm ent of ionization gage-testing equipment has 
been included in this research. • 

■ I. Me c'hani cal- Pr 0 of Tests- 

In mechanical- proof tests, the spot weld is loaded to a 
predetermined f ract i an- 'of .acceptable ^ st r engt-h . in- shear or 
tension by a suit'able .mechanical testing -tool*- V/it h , v;eld s 
in e::t ended Gheet s , it- is very difficult to load individual 
spots in chear without excessive sheet distortion. As a re- 
sult, mo&t mechani cal :pr oof tests are designed to load the 
spot weld in tension. However, it must be r e c ogni zed that 
tension strength is not necessarily proportional to the shear 
strength of the weld. Kence these. tests are indicative of, 
but do not moasure shear strength. They do discriminate be- 
tween "stuck" welds and welds of acceptable strength. 

The greatest di sa dvant a^ye of mechani cal- proof tests is 
the poGsi.bility . that ..the proof load might damage. the weld. 
This need not necessarily occur - in fact, it is. probable 
that spot w.elijs .v/hich T^rere damaged by proof loading t o a " 
fraction of minimum acceptable strength would not be suita- 
ble for. use in aircraft. ^Experience with static shear pull 
tests on thous'ands of' spot welds fails to shov/ any. '.damage 
resulting froi:. partial loading, in v;elds of acceptable, 
strength and quality. 
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The a dvantage of proof tests lies in their complete re- 
liability, when the load can "be properly applied to an indi- 
vidual spot . 

.. '1 • Fry- test meth ods . - following the method of the in- 
spector who pries the sheets apart near the spot welds to 
detect weak welds, calihratod prying tools designed to exert 
known loads have been developed. Regardless of the force 
exerted by the operator^ clutch or spring devices prevent 
the force applied to the weld from exceeding a certain maxi- 
mum. Hence known proof loads may be applied without damage 
to good weldso The method has a direct appeal to the inspec- 
tor because it follows proved inspection procedure with addi- 
tional accuracy. 

^ precaut.i on to be observed in applying pry tools is 
that the tool must be properly applied, and applied only to 
joints and sheet thicknesses for which it has been designed 
and adjusted, to avoid damage to the welds or structure. 

Inherent error s include: (l) Srrors resulting from the • 
presence of other welds very close to the v/eld under test^ 
if the load is distribiited to these other welds; (s) Errors 
due to variable sheet stiffness. 

Advantage s of pry-testing tools are: (l) Measurements 
are siniple and direct; (s) The load is applied to weld at 
faying plane, rather than throur^h sheet. 

Pi sadvantage s of pry-testin/^ tools are: (l) The sheets 
are separated and may be distorted by the test; (S) V/elds 
are difficult to reach through large overlap; (3) Sh.eet sur- 
face is scratched at faying surface;, (4) ilamage to the weld 
may result from careless use. 

No very. pra ctical form s of pry- testing tools have been 
developed in t hi s r e sear ch , although preliminary designs for 
such tools have been proposed. 

3 . Adh e si ve - bond t e st s^ . - In. this test, suitable small 
plates. are bonded to the outer sheet surface- above the weld, 
and/or to the opposite sheet surface, using recently devel- 
oped met al- t o-met al adhesives applied under heat and pressure. 
A typical adhesive (furnished by B-3 Chemical Company, 
Cambridge, Mass.') applied in these tests consistently devel- 
oped more than 2500 psi shear strength and 2000 psi tensile 
strength in bond.s betvreen alclad sheets. It is appl i ed. v/i th 
a brush ..and. 'all owed to dry in air for an hour . Then heat 
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and pressure are applied 5 to 10 minutes to cure the "bond. 
(See fig. 37A.) Suitable loading tools then lift the iDonded 
plates fr.om the sheet., ' loading the . Individual spot in tension. 
(See fig. 373.) VJeak v;elds.fail ur.der the chosen proof load. 
Acceptable v/elds are not damaged and the sheet is not dis- 
torted by this test. 

P r ecaut ion s to-^be observed in applying these tests in- 
clude: (l) The sheet ; surf ace must be properly cleaned and the 
adhesive bond must be- iTij?.de . car e fully;, (s) The load must be 
applied normal to the sheet surface so as to avoid progres- 
sive, failure of the .adhesive bond; (3) The applied load 
should • not - exceed the chosen proof load. 

L imitatio ns in the application of the method are: (l) 
It is not applicable to welds betv/een two rigid sections, as 
the load would be distributed to several welds; (2) It may 
be^app?.ied to thin -sheets welded to stiffeners, by loading 
from only one side, or to she et~ t o- she et vrelds with loading 
from, above and bel ov; the. weld . 

Advanta.?:es of the method are: (l) The sheet is not dis- 
torted., and 5:ood i\^elds are not damaged by the test; (2) Di- 
rect, reliable .measurement s are obtained. 

pi sadvanta^es of the method are: (l) Tests on individual 
welds involve ' excessive time delay, although large numbers of 
welds may be tested relatively quickly; (2) Heating and pres- 
sure' equipment . mu st be used to make the bond, and heat is 
needed to weaken t he ' adhe si ve bond after testing, to remove 
the test plate. 

Figure 37Q .• siiovs a suitable loading tool. 

3. Proof! tes t ing at welder^^ .- It has been proposed that 
proof- testing be carried out at the welder directly after 
each veld is made, $o that defective welds can be detected 
immediat ely;ana-r^placed . Such testing might be made an^ in- 
tegral part of the welding operation, automatically Applied 
as the head of the welder rises so as to entail negligible 
loss of time. , Special .clamp -t ool s , . possibly operated by the 
welder air guppXy ; -would be necessary to hold t he : she et and 
load. the weldv. On long continuous joints, these clamp s.- might 
also serve .to mo.ye: :and position the sheet for welding '-'She 
device would load the weld only to a fixed proof load, and 
release -the • sheet when this load was attained, to avoid ex- 
cessive sheet distortion. Hold- down devices might be needed 
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to avoid " 1 oading adjacent welds. Care would "be exercised to 
avoid excessive sheet separation because of the clamps in- 
serted at the faying plane. Cold rolling subsequent to v;eld- 
ing might be necessary to reduce sheet separation to a mini- 
mum . 

Pr ecaut i ons include: (l) Care to avoid damage to the 
weld through excessive proof loading. 



Advant aig:e s are: (l) Proof 
all welds; (2) Defective welds 
with negligible lost time; (3) 
and conclusive^ 



testing can be carried out on 
can be detected and rewelded 
The test would be reliable 



Pi sadvanta^TB s are: (l) Proof loads might damage the 
welds'! (2 ) Sheet separation and distortion might result; 

(3) The time required for welding might be increased; 

(4) The flexibility of the welder might be reduced; (s) New 
fixtures might be required for special shapes of structure 
to be welded. 

No development of this type of equipment has been in- 
cluded in this research. 

J. Further Development and Application of the Most 



Effective Test Methods 



Investigations of the test methods just described re- 
vealed that three ..test methods - the two- side direct- current 
test, the r ing-penet r at or test, and spot -wel d . r adi ogr aphy - 
were effective tests of spot-weld quality. Intensive devel- 
opments of the two-side direct -cur r ent test and .the .ring- 
penetrator test resulted in the design and construction of 
Spot-Weld Te^^iting Kachine No* 1, which is described in appen- 
dix I. A siruultaneous investigation of spot-weld radiography 
(not included in the sponsored research) revealed that radiog- 
raphy offered especial advantages and reliability as a spot- 



weld test 



CONCLUSIONS 



The most promising nondestructive method of testing spot- 
welds is radiography. "l^'ith this method, it is not necessary 
to locate the weld nugget accurately in order to measure its 
diameter, or to detect the presence of cracks, porosity, and 
spitting. 
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The most reliable nonradi o^r aphic test is the ring-pens- 
trator or pr of ile-penetrat or test, which can measure v:eld- 
nugget diameter reliahly under normal conditions of production 
vrelding. It does not measure the nature or extent of crack- 
ing, porosity, and spitting, except insofar as these defects 
change the penetration of the loaded test penetrator. 

The ring electrode two-side direct-current test measures 
the honded a.rea at the faying plane of the spot v^eld, "but 
does not discriminate hetv/een nugget and alcald corona "bond- 
ing. In conjunction vith the r ing-penet rat or test, it pro- 
vides a good measure of the strength of production spot welds. 

neither the electrical nor the penetrator test is capa- 
ble of determining the extent of the alclad inclusion into 
the weld nugget at the faying plane, or the decrease in weld 
strength resulting from, this cause. 

For the measurement of extent of- cracking and porosity 
without 'the use of X-rays the eddy-current test offers the 
advantages of a direct and reliable measurement subject to 
some error due to indentations of the sheet surface. 

Welding Research, 
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S.CURC3S. OF PHOPOSSD TEST ICSTKODS 



Tv;o- Side D i r ect~ Curr ent Test >- A form of test similar 
to the tv:o- side direct- current test was developed by Andrew 
and Perillo for the G-lenn Martin Aircraft Oompany of Baltimore, 
Md . (P.efer to Mr. Patil Merriman for details.) 

("b) One- Side Dir ect- Curren t Test A preliminary form of 
this test was developed in the 'Electrical Research Section of 
the Lockheed Airciaft Corporation, Bur^ank, Calif. 
(Refer to Mr. Fred Eowden for details.) 

(c) Lap- Join t In duction Test .-- A test v/hich may be- simi- 
lar to the lap-joint induction test v/as developed by Mr. 
ITorman Bonn, of Philadelphia, Pa. 

(^) Pick>-U-o C oil 5 dd:/^ Cur rent Test .- Developed in the 
Naval Research Laboratory and reported by Ross G-unn in "An 
Eddy-Current Method of Plaw Detection in Non-Magnetic Material^* 
in the Journal of Applied Mechanics, March 1941. 

(e) S-pot-lVel d Eddy T a st i r ^ Uni t . - D6v6loped in the Naval 
Research Laboratory and reported in a progress report, July 
1942. 

(f) Loc kheed Edd:/- Current Test Unit ..- Developed in the 
Electrical Research Section of the Lockhe.ed Aircraft Corpora- 
tion by Dr. Philip Carlson. 

(s) HGat>- Ro sorv oir Thermal T'e st Developed bjr the 
General Electric Company, Schenectady, New York, and tested in 
the Lockheed Aircraft Gor-ooration Research Laboratory, 
Burbank, Calif. 

(^) Vibr a tion D amp ing: Test .- Method is discussed in 
Modulus of Elasticity and Damping in Relation to the State of 
the Material, by P. Jorster and 1*7, Kost'eT, In Journal of the 
Institution of iilectrical Engino'ers, London, B.I., vol. 84, 
Jan. -June 19S9, pp. 558-564. 

(i) V/ave-^Reflect i on Test .- Proposed by Professor P. A. 
Firestone of the University of Michigan, in connection with 
the Supersonic Reflect cscope . 

(j) Vv'old- Out line T e st . - Mile. Natalie G-odalsky in a 
paper furnished by Sciaky Brothers, Chicago, 111. 

NOTE; Proposed test methods identified by the sign, ^ were 
independently proposed and developed by the >/elding Research 
Group of the California Institute of Technology. 
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APPENDIX A 



DSSIG-II AND CONSTRUCTION OF SP(DT-WELD TESTING MACHINE No. 1 

A. Description of Machino 



Spot-Weld Testing Machine No. 1 is a laboratory device 
designed to test the principles of the penctrator and elec- 
trical nondestructive tests. It has not been designed to 
take extensive structures, but will handle standard shear 
test panels with spot-welded lap joints. Compact construc- 
tion v/as used to avoid excessive deflections of the frame of 
the machine under loading. The machine combines two test op- 
erations in one sequence: namely, two-side r i ng-pene t rat or 
tests of the nugget diameter, and two-side electrical tests 
of the total area of bonding. Figure 38 shows the entire 
machine . 

For the rin<g:--penetrator test , a hydraulic jack (a) ap- 
plies loads measured by weighing block (B) and indicated, on 
dial gage (C) to the moving pressure cylinder (D) which slides 
in an accurately machined cylindrical guide (E) supported by 
the frame of the machine (F). The ball penetrators (G-) are 
carried on removable anvil inserts (H) held by a set screw in 
a socket in the anvil (I), and are carefully alined on the 
axis of the moving cylinder. Similar penetrators (J) are car- 
ried on the anvil insert (K) in the upper anvil (L). This 
anvil is set into the top plate (M) which is securely fastened 
to, but electrically insulated from, the frame (F). "These 
upper penetrators are carefully alined with the lower pene- 
trator balls on the moving cylinder. Probes (N) slide freely 
in the anvils, and have replaceable contact tips (O) which 
pass through small holes in the anvil inserts '(K) , The heads 
of these probes are in contact with sensitive dial gages (P) 
and (Q) fastened firmly by posts to the top plate (M) and the 
piston cap (R) , respectively. These gages measure the- pene- 
tration of the penetrator balls under loading. In operation, 
the spot-welded panel is inserted between the head and the 
moving cylinder and the spot weld is carefully centered under 
the penetrator assembly. Loads are applied as desired. 

For the two-side electrical test , either the anvil in- 
serts carrying the ball penetrators, or similar inserts with 
circular ring penetrators (S) may be used as electrodes. 
Electric current from an external direct- current generator is 
introduced" inVo t'he top plate (M) '(which is insulated from 
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the frame) at contact (T), This .current flows fr om- the upper 
p^netrator or 'electrode (j) through the weld to the lower 
electrode (G), and leaves the machir^e through the terminal 
(U) on the moving cylinder. The current' then returns to the 
generator through an external ain.T.eter and control resistance. 
The potential drop across the prohes (IT) is measured hy a low- 
resistance microammet er . These pro'oes are carefully insulated 
from the anvil inserts. Micro-Switch (V) on the weighing hlock 
iB) is interlocked with the current sv/itch to prevent the 
switching on of current with inadequate electrode pressure. 

The r inr?:- -penetrat or asser/olies used on Testing Machine 
ITo. 1 are shown in figure 39. For laboratory tests, l/l6~ inch- 
diameter- hardened st eel halls (commercially available for 
Rockwell Hardness Testing Machines) were used as penetrators. 
Calibrated sharpened steel T)oints (commercially available for 
use in the Earcol Impressor^ can be used to obtain equivalent 
penetrator tests with much lighter applied loads. The pene- 
trators are mounted on circles of diameter chosen to corre- 
spond to acceptable spot- weld- nugget diameters in various 
gages of aluminum- alloy sheet, and are supported on hard steel 
anvil inserts. These inserts may be quickl:^ exchanged when it 
is desired to test spot welds in different gages of alloy 
sheet . 

The rin^ electrode asse mblies used on Testing Machine ITo. 
1 are shovm in figure 40. The electrodes are circular contact 
areas of diameter slight l^r " larger than the total bonded areas 
of acceptable spot welds in each sheet thickness. These elec- 
trode units are of the same dimensions as the penetrator an- 
vil inserts, and may be used interchangeably in Testing 
Machine iTo . 1. 



B. Principle of Operation of Machine 

The r ing-penet rat or tests of Spot-Weld Testing Machine 
No. 1 are based upon results of the penet rat or- pr of ile tests 
shown in figure 34. I^r am these tests it was found that the 
typical penetration profile'had the characteristic shape 
shov;n in figure 41. The r ing-penetrat or units of Spot-VJeld 
Testing Machine ITo. 1 are designed with the diameter so 
that the penetrators fall on the point s"A-A of the penetrator 
profile curve for normal good v^elds in each gage of aluminum- 
alloy sheet. If the v/eld nuggets are smaller than the normal 
acceptable weld nugget, the penetrators fall outside the weld 
nugget over the temr)ered parent metal, at points on the pen- 
etrator profile curve identified by B-E . If, however, the 
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nugget is larger than the normal size, the penetrators fall 
over the center of the nugget and the indications correspond 
to the points C-C of the penetrator profile. Sections through 
typical weld nuggets of various sizes in 0.040-inch 24S-'T 
alclad sheet are shown in figure 42 with the indentation of 
the r ing-penet rat or test visihle on the macrographs. The 
penetrator test indication is shown for each of the welds. 
It may be seen that the penetration of the r ing . penetrat or 
measures weld diameter sensitively and r eliahly, and that 
small v/eld nuggets are differentiated from large weld nuggets 
by significant changes in indication. 

The ring-electrode two-side direct- current tests of Spot- 
Weld Testing Machine ITo. 1 are based upon preliminary tests 
of the two-side direct-current method of determining the total 
bonded area at the faying plane. (See figs, 9, 10, and 11.) 
Macrographs of the faying plane of typical spot welds of vari- 
ous sizes in 0.040-inch 24S-T alclad sheet are shown in fig- 
ure 43, with the indication of the two-side electrical test 
shown for each weld. It may be seen that the electrical test 
indications correlate with t he total bonded area of the spot 
weld • 

C. Procedure in Operation of Machine 

To conduct nondestructive tests of spot welds the machine 
is first calibrated for penetrator tests by using a block of 
homogeneous material of known hardness (Rockwell Hardness 
Testing Machine calibration blocks) and applying a fixed load 
by means of a hydraulic jack. The penetration is measured on 
top and bottom dial gages and compared with previous results 
on the same test block. Any change of shape in the penetrators 
can be observed and the penetrator balls ( l/l6-in . -diam. steel 
balls^ identical with those used in Rockwell Hardness Testing 
machines) may be replaced, if necessary. 

Before conducting electrical tests, the electrical sys- 
tem is checked by applying a fixed current to a similar cali- 
bration block of known thickness and resistivity and compar- 
ing the potential indication with that obtained previously. 
Corrections are made if indications are abnormal. The checks 
should be made before beginning a new set of tests and after 
every two hundred v;elds tested. 

After calibration of the machine, spot-welded panel is 
inserted in the gap between the electrodes and the first spot 
weld is carefully centered under the potential probe of the 
head of the tester. A pre-load of fixed amount (200 lb with 
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4-l)all imjoressors) is applied by means of the hydraulic jack, 
%^v>;e "I'bVd ''being' indi.c"ated by 'the dial gage on the weighing 
-block*. ; fhe, indication of each penetrator rial gage is re-- 
^Cor:-ed. H.he load is then increased to the full load setting 
(1000- lb on .the' 4-ball assembly), and the Indication of each 
dial gage is- again recorded. If electrical tests are being 
conducted v/ith the sanie set of electrodes the direct current 
• is applied and the potential indicat.ion recorded. The cur- 
•rent" 'is then interrupted and the load rel,ec?.sed so that the 
welded panel nay be r-oved- and the next weld tested. The sum 
of the changes in indication of the upper and lower dial 
gages betvreen pre-load and full load is then taken as the in- 
^dication of penetration. The ratio of the t.otal testing cur- 
'r^nt to the pot ent ial indi cat i on is taken-as the indication 
'crf bonded area at the faying plane. For greater sensitivity, 
current electrodes of -diameter larger than that of the pene- 
trator ring may be used .to' indicate the total bonded area^ in 
^. separate dir act- crir rent test follovring the penetrator test. 

Even on the laboratory testing machine a .^-eld nay. be. 
tested in less than a 'minute, reading ail dials and. meter?; by 
eye. For production measurements a machine caToable of. taking 
any shape of structure which can be spot- welded could be used 
for the same measurements. The pre-load r-.nd full load could 
be appli ed aut om.at.ip-.al.ly by . c onne ct:i-ng ' t'h-e- aafding pistons to 
sources of low and high hydraulic or air pressures, and by 
recording the deflection of the v:erghihg block and of the 
penetrator indi cat or s. .by means of magnet i c or- ele ct'r i c strain 
gages.. All this ml^rht be cent r oil ed "aut om'ati cally '-by "simply 
pressing a button to initiate the sequence of opera t i an • and 
observing resixltant indications on a 'rec6rding instrument- or 
indicator device. The only portion of the test vrhich is in- 
here^ntly slow is the centering -o-f the s'oot weld under the' 
•tegt.i.ng asse-mb'iy.! .By far the- 'great e st portion -of t^he time' 
:r"equir:e.d in the te'sVing operation would-be required for" th'.is 
item alone. V/ith such a m'-achine -it -should 'be possible to 
test 10 to 30 spots a minute v/ithout di f f i cul t y . ..^ ^ - 

D. Result s tif Test s; . . , 

Testing Machine No .• -1 has been used ;under several^ condi- 
tions in the testing- of spot welds in aluminum- alloy sheets. 
Various penetrator arrangem^ent s have been emDloyed and several 
gages of sheet tested. The first arrangement consisted of 
three s:(^herical hardened steel balls placed equidistant on 
the periphery of a circle. (See fig. 39.) Tests showed this 
device to be capable of discriminating weld strength reliably 
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on welds of normal shape (figs. 5 and 44) "but on welds having 
..elementary nugget .formations (fig. 3), erroneous indications 
- resulted "because of the irregular shape of the area of "bond- 
ing. Improved assemblies with four and six balls placed on 
. the circumference of the critical circle showed improved per- 
formance.. (See fig. 39.) Likewise, the use of circular elec- 
trodes of diameter larger than the penetrator circle as elec- 
trodes for the electrical test resulted in an improvement in 
the measurement of the area of bonding. (See fig. 40.) 

The diameter of the vreld nuggets is measured to ±12 to 
.15 percent by the penetrator test alone as shown in figure 45, 
'summarizing results on several hundred spot welds made in 
different West Coast aircraft factories under normal indus- 
trial conditions of welding. These tests prove the machine 
to be capable of measuring weld- nugget diameter reliably. It 
is because of the reliability of this measurement that the 
machine is capable of measuring the strength of the weld. 

The static shear strength of the spot welds is measured 
to i:10 percent by the penetrator test alone . in, the range for 
which penetrator is adjusted as shown in figure 46 on the 
same sets of industrially made spot welds ; .This measurement 
compares favorably with the correlation between,. the strength 
and spot- weld- nugget diameter shown in. figure 41 for the same 
sets of spot welds. It is seen that the penetration test 
measures weld strength with an error equal • to only t v/i ce the 
median error in the correlation between weld- nugget diameter 
and strength. This quality of measurement in itself is ade- 
quate for the nondestructive testing of spot weld.s in industry. 

The total area of bonding at the faying plane is measured 
to :±10 percent by the electrical test. (See fig. 47.) Be- 
cause of the variation in the nature of the corona bonding 
and the difficulty of visually measuring the corona area on 
the pulled welds this correlation is appreciably less accurate 
than that betv/een penetrator tests and nugget size. The di- 
rect correlation between electrical test indications and spot- 
weld static shear strength is poor because the test does not 
. discriminate the type of bonding at the faying surface. (See 
fig. 48.) 

The static shear stre n gth of the spot v/elds is measured 
to ±10 percent by the combined penetrator and electrical test 
indications. (See fig. 49.) 
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Conclusions Based on Results of Tests of Testing Machine ITo . 1 

1. The r lng~penetr at or t e st • al one can "be a relialDle 
measure of weld-nugget diameter. It measures the component 
of weld shear strength due to the nugget with nearly as much 
accuracy as does the diameter of the nugget observed "by de- 
structive sectioning. It does not measure the component of 
weld strength supplied "by alclad "bonding (an unreliaole con- 
tri"bution) and so, properly calihrated, gives conservative 
predictions of weld strength. 

2. The electrica l test measures the bonded area to a 
moderate degree of sensitivity. By' itself it is not a reli- 
able measurement of weld shear strength, for shear strength 
is not measured reliably by the total area of bonding. It 
does detect a wcli the faying surface of which has bonded 
poorly or the bond of which has been broken after welding, 
with absolute reliability. It makes possible an estimate of 
the contribution of corona bonding to the weld shear strength, 
and so is a valuable supplement to the ring penetrator test. 

3. The chief limitat i on on the accuracy of all forms of 
mechanical and electrical tests sensitive to weld size re- 
sults from the difficulty of 1 o cat i ng , the, ^Qent-er. of the weld 
by observation of the outer surface of; the v/elded sheet. The 
weld may not be centered under the welder, electrode indenta- 
tion. Thus the major portion of th'e testing- time is required 
to locate the tester above the weld, vrhile 'the test itself 
may be nearly in'stahtaneous . Aut:omatic profiling to locate 
the v.reld accurately reqiii^res elaborate apparatus and in- 
creased testing time. 

4. -.Other limitations result from the fact that penetra- 
tor indications depend upon alloy, heat treatment, and sheet 
thickness.' Calibration must be made on that alloy and heat 
treatment "being inspected, with a penetrator ring of diameter 
suited to spot welds in the given gage of sheet. 

F. Proposals for Practical Porms of Spot-Weld Tester 

Experience with Spot-Weld Testing Machine No. l,ha§ in*- 
dicated principles and practical design forms for nondestruc- 
tive spot -weld testers. 

1. Proposed Hand Tester A is a small portable penetrator 
tester, similar to devices now on the market for hand hard- 
ness testing of homogeneous materials (The Barcol Impressor, 
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availalDle frorx Barber Colman Company, Hockford, 111.) 
A ring of sharpened calilDrated penetrators is spring-loaded 
"by hand pressure to make a one-side r i ng- penetr at or test 
equivalent to that of Testing Machine No. 1, (See fig. 50.) 
(By using small- di amet er , sharpened probes, a great reduction 
in load is obtained for penetrations sensitive to weld-nugget 
presence.) This is a direct measurement of nugget diameter. 
The device must be calibrated on the alloy and temper of 
sheet to be tested. A change to ring penetrators of differ- 
ent diameter is required X'jhen spot-velded sheet of greatly 
different thickness is to be tested. Properly located above 
each v/eld, the hand tester should be nearly as reliable as 
the penetrator test of Testing Ilachine ITo. 1. 

2. Proposed Production Tester B is intended for produc- 
tion line use - possibly directly after the spot-welding 
operation - v/ith welded parts being brought to the tester. 
It is equipped with a throat and press or rocker arm of di- 
mensions equivalent to the v/elders it serves, so that any 
weld made on the v/elders can be tested on it. Two-side ring- 
penetrator and electrical tests are automatically carried out 
and recorded each time the operator Dresses the foot switch. 
Air loading and strain-gage recording make possible tests as 
rapid as the spot- welding operation itself. Strain- gage load 
measurements, with pre-load and full load applied by air 
pressure; and strain- gage penetration measurements, could be 
recorded automatically on indicator device^s. 
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Fig 




FIG. la. 

CROSS SECTION AND FAYING PLANE OF A TYPICAL SPOTWELD IN 24 ST 
ALUMINUM ALLOY, SHOWING SIGNIFICANT REGI-ONS OF WELO; (a) PAR- 
ENT MATERIAL, (b) ALCLAD LAYER, (c) CAST ALLOY NUGGET, INCLUO- 
ING (C^) DEHDRITIC ZONE AND (c") EQUiAXEO ZONE, (d) CORONA, 
(e) ALCLAD INCLUSION, (f) PENETRATION, (g) HEAT AFFECTED ZONE 
AND (h) faying plane. 20X . 
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Fig. lb 




(a), parent material, 24ST ALUMINUM 
ALLOY. 500X. 



(C'). OEMORITIC ZONE OF KUGGET. 500X, 




(c"). EQUIAXED ZONE OF NUGGET. 500X, 

^..^^ 

y9. 1'^ 



(e). ALCLAO inclusion into NU66ET. 

500X. 





(e). HEAT AFFECTED ZONE SHOWING IN- 
CIPIENT MELTING AT THE GRAIN BOUNDARIES. 
5OOX. 

Fig. lb. 




(g^). heat affected zone showing 
eutectic "stringer" or "intrusion 

INTO THE GRAIN BOUNDARIES". 500X. 
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Fig. 2 




TYPE A WELDS ALCLAO 

BONDING WITHOUT NUGGET FORMAT I ON , 10 X. 
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WITH OR WITHOUT ALCLAD BONDING, lOX. 
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Fig. 3b 




FIG. 3b. 
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Fig. 4 




C - 1 

STRENGTH 200 
POUNDS 




FIG. a,- 

TYPE C WELDS SMALL DIAMETER 

NUGGETS WITH NORMAL ALCLAD 
INCLUSIONS AND LOW PENETRATION, IQX. 
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Fig. 5 




TYPE D WELDS NORMAL DIAMETER 

NUGGETS WITH NORMAL PENETRATION, lOX. 
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Fig. 6a 




FIG. 6(a to c).- 

TYPE E WELDS OVERSIZE NUGGETS 

WITH EXCESSIVE PENETRATION, CRACKS, 
POROSITY OR SPITTING, lOX. 
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Fig. 6b 




FIG. 6b. 
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Fig. 6c 




FIG, 6c, 































\ 
























> — 


























— 












— 








\\ 






0 1' 










V 






































































— 














































































• 














V 












— 
















\ 


























\ 










1 — 
' — 














































N 






)' — 












D 








V 








,. ^,„.MU_,_ 



" Ui 0.2 0.3 0.4 0.5 0.6 
LOCATION OF MOVING PROBE(WCHES) 



Fig. 7/- Potential Distribution Along The Surface 
Of a Prism Cut Out Of An Alclao Sheet Containing 
A Spotwelo Nugget I'Vith Direct Current Flowing 
Along Str'p. 
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Fig. a. - Measurement Of Bonded Area Of A Spotweld 
By The Flow Of Electric Current * 

A. Current Flow Parallel To The Faying Plane 
Does Not Measure The Area Of Bonding 

B. Current Flow Normal To The Faying Plane 
Does Measure The Area Of Bonding 



Fig. 9. -The Two-Side D»rect Current Test Of The 
BONDEC Area At The Faying Plane of The Spotwelo. 
Current Flows Between Cylindrical Electrodes In 
Contact With Top And Bottom Sheet Surfaces At I. 
Potential Is Measured Between Probes (P). 
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LOCATION OF ELECTRODE ASSEMBLY 
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LOCATION OF ELECTRODE ASSEMBLY 
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Fig. id.- Results Of a Two-Side Dire; 
Profile Test Of A S-^all Spotweld in 
Alclao 



:t Current 

064" 24ST 



Fig. 11.- Results Of -A Two-Side Dirfct Current 
Profile Test Of A Urge Spotweld In .064" 24ST 
Alclao 



NACA TN No . 945 



Fig8. 12,13,14,15 
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< ELECTRICAL INDICATION 

3 MICR0V0LTS/AMPER5/INCH BETWEEN PROBES 
0.135" APART 



Fig. 12. - The One-Side Direct Current Test Of The 
Bonded Area At The Faying Plane Of The Spotweld. 
Direct Current Flows Between and I 
Sheet Potential Is Measured Between P^ and Pg. 



Fig. 13.- Results Of One-Side Direct Current Tests 
On Single Spotweld Specimens In One Inch Shear Test 
Strips. No Differences In Indication Are Obtained 
Between Large And Small Welds In Extended Sheets By 
This Test. 




Fig, 14.^ Effect Of Sheet Indentation In Masking 
Indications Of Bonded Area At The Faying Plane ,By 
The One-Sjoe Direct Current Test. 




Fig. 15.— Wheatstone Bridge Form Of The One-Sioe 
Direct Current Test Of The Bonded Area At The 
Faying Plane Of The Spotweld. Current Flows Be- 
tween Contact Points (f). Potential Is Measured 
Across Equidistant Potential Probes (P). The 
Electrodes Form A Wheatstone Bridge Ci rcu i t, Wh i ch 
Is Unbalanced By The Presence Of A Weld. 
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Figs. 16,17,18 




Fig. 16.- The Lap Joint Direct Current Test Of The Bonded 
Area At The Faying Plane Of The Spotwelo. 
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aii ELECTRODE POStTiON 

Fig. 17. - Sensi ti VI ty Of The Lap Joint Direct Current Test 

To The Presence of Spotwelos, As Shown By Profile Tests. 
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Fig. 18.- One Electrode Direct Current Test Of The Bonded Area 
At The Faying Plane Of The Spotweld, 




SPOTWELD. 

A. Eddy Currents flowing in path l parallel to the 

FAYING surface DO NOT MEASURE AREA OF BONDING. 

8. Eddy currents flowing in path 2 normal to the 

FAYING SURFACE 00 MEASURE AREA OF BONDING. 
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Fig. 20 B.- Series resonant circuit used with transformer 
induction test. 



Fl6. 20 A.-EXCIT»«G COIL AND CJRCULAR EOOY CURRENT 
»ATH ESTABLISHED. 



AUDIO 
OSCIULATOK 



* AUDIO 
Ai£PLIPIER 
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Fig. 20 C- Resonant bridge circuit used with transformer 
induction test. 
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Fig. 20- Transformer loading eddy current induction test of sheet thickness, weld cracks porosity 
and sheet indentation. ' * 
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Figs. 21,82,33 




Fig. 21. -Useful configurations of eddy 
current induction pole assemblies. 

A. Single core assembly used to 

MEASURF SHEET THICKNESS. 

B. Concentric circular pole as- 

SEM3LY used TO RESTRICT EDDY CUR- 
RENTS TO A CIRCULAR PATH. 

C. Rectangular pole assembly used 
TO restrict eddy currents to a 
rectangular path. 



Fig. 23-- The lap joint transformer 
induction test of the bonded area 

AT THE faying PLANE OF THE SPOTWELD. 




G. 22.- RESONANT CIRCUIT RESPONSE OF TRANSFORMER EDDY CURRENT INDUCTION UNIT. 

Small changes in inductance produce large changes in indication. 
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Figs. 24,25 




PICKUP COILS 




PICKUP COIL 
EXCITING coil's 




Fig. 24.- Typical pick-up coil eddy 

CURRENT TEST UNITS. 

A. Unit for flaw detection in 

HOMOGENEOUS PLATES DEVELOPED BY 
ROSS GuMN, N. R. L. (Ref. U 12.) 

B. Unit for detection of cracks 

AND POROSITY IN SPOTWELOS DE- 
VELOPED BY N. R. L. (Ref. ■ 11.) 




fig. 25.- Eddy current field induced by pickup unit 
A. Field in homogeneous plate, 
b! Field in plate with flaw. 
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LUG THERMOCOUPLE 



Figs, 26,27 
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Fig, 26.- Heat reservoir thermal test of the bonded area at the 
faying plane of the spotweld. 




A. POWER SUPPLY 

B. INDUCTION COIL 
CHEATED ZONE 

D. F. THERMOCOUPLE 

E. G. GALVANOMETER 
W. WELD 
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Fig. 27.- Induction heating thermal test of the bonded area at 
the faying plane of the spotweld. 

A. Heat flows across faying plane at weld. 

B. Little heat flows across faying plane where no 

BONO EXIXTS. 
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Figs. 28,29 



VARIABLE FREQUENCY 
A.C. 

POWER SUPPLY,. 



:driver 



<1 



MICROPHONIC 
PICK UP 



AMPLIFIER 



HZ) 



INDICATING 
INSTRUMENT 



Fig. 23 . - V I 3RAT I on Damping Test 
Arrangement. 





A B 

Fig. 50. -Wave reflection test of bounded area of 
spotwelds. 

(A) Waves pass through welds at faying plane. 

(B) Waves reflect from faying plane where no 

BOND exists. 



1000 
900 



en 

Q 

8 800 

Q. 

700 

ct 

B 600 
< 

^ 500 
i 400 

Vi 

g 300 
o 200 

< 

o 

^ 100 

































































— — 




















• 
















+ 














I 

j 


























































1 

1 






SENSITIVE 
DJAL GAUGE 
.0001" DIVISIONS 



PROBE, 



i^^^W;OLLAR 



B 




tz5 

► 

O 

> 

sz: 
o 



CD 
Ol 



3.0 3.5 4.0 45 5.0 55 6.0 6.5 7.0 7.5 
INPENTATION BY UPPER ELECTRODE (.OOO 

Fig. 31. - Electrode indentation of welded sheet test of spotweld 
and strength. 



A. Dial guage with collar 

B. Small indentation over small weld 

C. Large indentation over large weld 
0. Results of indentation tests on lai 
sciaky welds in .0^0" 2^st alclao. 
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Figs. 32,33 




A B 

F. APPLIED 
FORCE 



Fig. 32.- One point one side penetrator test of spot 

WELD nugget penetration. GREATER INDENTATIONS RESULT 
OVER LARGE NUGGETS (A) THEN OVER SMALL NUGGETS (B). 




45 50 55 60 

ONE POINT PENETRATOR TEST INDICATION 



Fig. 33.- Results of one point one side penetrator test 

OF 141 SCIAKY WELDS IN .0^0" 24ST ALCLAO. 
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Fig. 34 




FI6. 34.-CHARACTERISTIC PENETRATOR PROFILES 
OF SPOTWELDS 
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Figs. 35,36 




WELDED SHEET 

Fig. 35. Radiography of spot welds. 



y^^XRAY SOURCE 




56.-ARRANGEMENT OF EQUIPMENT FOR IONIZATION GAUGE TESTS OF SPOTWELOS. 
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Fig. 37 
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Fig. 57.- Adhesive bond proof test of spot weld 
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Fig. 38a," Side view w assembled machine, 



Fig. 38b,- Detail of machine, disassembled. 



A. HYDRAULIC JACK. 

B. WEIGHING BLOCK. 

C. LOAD DIAL GUAGE. 

D. Moving cylinder. 

E. CYLINDRICAL GUIDE. 

F. FRAME. 

6. Ballpenetrators-lower. 



H. ANVIL insert. 

I . ANVIL-LOWER. 

J. BALL PENETRATORS-UPPER. 
K. ANVIL INSERT. 
L. ANVIL-UPPER. 
M. TOP PLATE. 
N. PROBES. 



0. CONTACT TIPS. 
P. Q. DIAL GUA6ES, 
R. PISTON CAP. 
T,U. TERMINALS. 
V. MiCROSWITCH. 



riG.38(at0Cf)-SPOTWELD NON-DESTRUCTIVE TESTING MACHINE NO. 1. 



GO 
00 
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Fig* 38c.- Detail of anvil and penetrator 
assembly 




Fig. '38cI.- Deta il of weighing block. 




Fig. 39.- Ring penetrator assemblies used 
on testing machine no. !• 




Fig. 4-0. - RING electrode assemblies used on 

TEST I NG MACH I NE NO. 1 . 
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Fig. 41 




Fig. 41 Characteristic shape of penetrator profile. 
Top. Penetrator indication profile. 
Center. Section through nugget. 
Bottom. Fayinui surface of weld. 

DOTTEO curve corresponds TO THIN NUGGET. 
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TEST FOR TYPICAL SPOT WELOS (fAYIMG 
SURFACES SHOWN AFTER SHEAR PULL 
TEST. ) 
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Fig. 43b 




Fig. 4-Jb. 
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Fig. 44 
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Fig. 44.- Results of penetrator tests using 3 ball penetrator adjusted for .0^0" 
24ST sheet on: 

A. 175 Taylor - winfield spotwelds in .06u" 2^st sheet, 

B. 138 sciAKY spotwelds in .020" 24ST SHEET (see fig. UlA). 
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A. 158 Taylor a'infield Spotwelds Made By Consolidated 

VULTEE AIRCRAFT CORPORATION (SAN DIEGO) IN .0^0" 2^31 
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D. 105 Taylor Winfielo Spotwelds Made On The laboratory 
/HELDER AT The University of Southern California In .j'40" 
2UST ALCLAD. 



Note: These groups of spotwelds were purposely made undek widely 
different conditions for use in developing non-destructive tests. 

F IG. 4-5 Measurement of Spotweld Nugget Diameter By Penetrator Test Using '4 Ball Penetrator 
Assembly . 
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Fig. 46 
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(5an Diego) in .OUO" 2aST Alclad. [Compare with Fig. tll B] 
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B. 155 Taylor Winfield Spotwelds Made Un Laboratory welder at University Of 

SOUTHERN CAL/FORNIA IN ,0^Q» P^ST ALCLAO . [COMPARE WITH FiG. 41 H.] 
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C. 105 Taylor winfield Spotwelds Made On Laboratory welder at University of 

southern California in .040" ?'4ST Alclad. [Compare With Fig. m H.] 

Fig. 46 .- Measurement of static Shear Strength Of spotwelds By Penetrator Test, 
Using u Ball Penetrator assembly. 
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ELECTRICAL INDICATION (AMPSA-) 



A. I8i Welds in .OUO" 2^S1 Alclad Made on Federal Welder At Ryan Aeronautical 
Corporation, San Diego, California. 
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ELECTRICAL INDICATION (AMPS/—) 

2aST Alclad Made on Sciaky Welder at Lockheed Aircraft 
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INVERSE ELECTRICAL INDICATION (AMPSAJ 



C. 108 Welds in .064" 2UST Alclao Made on Sciaky Welder at Lockheed Aircraft 
corporat i on . 

Fig. 47.- Correlation Between Electrical Test Indications and the Total Area of 
Bonding at the Faying Plane of the Spotweld. Tests Made With Ring Electrodes On 
Industrially-Made Spotwelos. 
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ELECTRICAL INDICATION (AMPS/^) 



A, 181 WELDS IN .OQO" 2^S1 ALCLAD MADE ON FEDERAL 

Welder at Ryan aeronautical Corporation, San DiEGOj 

CAL IFORN I A. 



1400 
0)1300 
i 1200 

OilOO 
MOOO 
^900 
d 800 
I2 700 
5 600 
^ 500 
^ 400 
O 300 



200 
100 
0 











































♦ ^ 




t-J: 




















































^' 
















































^ 


? 






+ 










^ 




































'-4 




















# 



































2 3 4 56789 10 

INVERSE ELECTRICAL INDICATION (A MPS/^) 



C. 138 ^ELDS IN .06U" ?'4ST ALCLAD MADE ON SCIAKY 
WELDER AT LOCKHEED AIRCRAFT CORPORATION. 

F IG. AS .- Correlat i ON Between Electrical 
I NDusTR I ally-Made Spotwelos. (Since the 
bonding at The faying surface, it cannot 
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ELECTRICAL INDICATION (AMPS/-^) 

B. im WELDS IN .040" ALCLAD MADE ON SCIAKY 

WELDER AT LOCKHEED AIRCRAFT CORPORATION. 
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INVERSE ELECTRICAL INDICATION (AM PS/^o^) 
D. mo WELDS IN .OaO' 2^SJ ALCLAD made ON SCIAKY 
WELDER AT LOCKHEED AIRCRAFT CORPORATION. 

Test Indications And Spotweld Static Shear Strength on 

electrical test does not discriminate the type of 

be used alone for reliable prediction of weld strength.) 
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PENETRATOR TEST INDICATION 
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Fig. 49.- Measurement of spotweld static shear strength by combined penetrator and electrical 

INDICATIONS. 100 WELDS IN .040" 2UST ALCLAD MADE ON TA Y LOR-W I N F I E L D WELDER AT NORTHRUP AIR- 
CRAFT CORPORATION. 
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